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(57) ABSTRACT 

An apparatus, method and associated fiber-laser architec 
tures for high-power pulsed operation and pumping wave 
length-conversion devices. Some embodiments generate 
blue laser light by frequency quadrupling infrared (IR) light 
from Tm-doped gain fiber using non-linear wavelength 
conversion. Some embodiments use a fiber MOPA configu 
ration to amplify a seed signal from a semiconductor laser or 
ring fiber laser. Some embodiments use the frequency 
quadrupled blue light for underwater communications, 
imaging, and/or object and anomaly detection. Some 
embodiments amplitude modulate the IR seed signal to 
encode communication data sent to or from a Submarine 
once the modulated light has its wavelength quartered. Other 
embodiments transmit blue-light pulses in a scanned pattern 
and detect scattered light to measure distances to objects in 
a raster-scanned underwater Volume, which in turn are used 
to generate a data structure representing a three-dimensional 
rendition of the underwater Scene being imaged for viewing 
by a person or for other software analysis. 
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1. 

FREQUENCY QUADRUPLED LASER USING 
THULUM-DOPED FIBER AMPLIFER AND 

METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of U.S. patent application 
Ser. No. 12/799,982 filed Apr. 28, 2010, titled “HIGH 
POWER LASER USING THULIUM-DOPED FIBER 
AMPLIFIER AND FREQUENCY QUADRUPLING FOR 
BLUE OUTPUT” (which issued as U.S. Pat. No. 8,953,647 
on Feb. 10, 2015), which claims priority benefit under 35 
U.S.C. S 119(e) to U.S. Provisional Patent Application No. 
61/198,405 filed on Oct. 13, 2009, titled “HIGH-POWER 
LASER USING THULIUM-DOPED FIBER AMPLIFIER 
AND FREQUENCY QUADRUPLING FOR BLUE OUT 
PUT, each of which is incorporated herein by reference in 
its entirety. 

This invention is related to: 
U.S. Provisional Patent Application Ser. No. 60/896,265 

filed on Mar. 21, 2007, titled “HIGH-POWER, 
PULSED RING FIBER OSCILLATOR: 

U.S. patent application Ser. No. 12/053,551 filed on Mar. 
21, 2008, titled “HIGH-POWER, PULSED RING 
FIBER OSCILLATOR AND METHOD (which 
issued as U.S. Pat. No. 7,876,803 on Jan. 25, 2011): 

U.S. patent application Ser. No. 12/050,937 filed Mar. 18, 
2008, titled “A METHOD AND MULTIPLE-MODE 
DEVICE FOR HIGH-POWER SHORT-PULSE-LA 
SER ABLATION AND CW CAUTERIZATION OF 

BODILY TISSUES (which issued as U.S. Pat. No. 
8,202,268 on Jun. 19, 2012): 

U.S. Pat. No. 7,429,734 titled “SYSTEM AND 
METHOD FORAIRCRAFT INFRARED COUNTER 
MEASURESTO MISSILES, issued Sep. 30, 2008 to 
Steven C. Tidwell, and filed Nov. 29, 2006; 

U.S. Pat. No. 7,430,352 titled “MULTI-SEGMENT PHO 
TONIC-CRYSTAL-ROD WAVEGUIDES FOR 
AMPLIFICATION OF HIGH-POWER PULSED 
OPTICAL RADIATION AND ASSOCIATED 
METHOD,” issued Sep. 30, 2008 to Fabio Di Teodoro 
et al.: 

U.S. Pat. No. 7,391,561 titled “FIBER-ORROD-BASED 
OPTICAL SOURCE FEATURING A LARGE-CORE, 
RARE-EARTH-DOPED PHOTONIC-CRYSTAL 
DEVICE FOR GENERATION OF HIGH-POWER 
PULSED RADIATION AND METHOD, issued Jun. 
24, 2008 to Fabio Di Teodoro et al., and filed May 26, 
2006; 

U.S. patent application Ser. No. 12/018,193 titled “HIGH 
ENERGY EYE-SAFE PULSED FIBERAMPLIFIERS 
AND SOURCES OPERATING IN ERBIUM'S 
L-BAND” filed Jan. 22, 2008 (which issued as U.S. 
Pat. No. 7,872,794 on Jan. 18, 2011): 

U.S. Pat. No. 7,620,077 titled “APPARATUS AND 
METHOD FOR PUMPING AND OPERATING OPTI 
CAL PARAMETRIC OSCILLATORS USING DFB 
FIBER LASERS,” issued Nov. 17, 2009 to Angus J. 
Henderson; 

U.S. Pat. No. 7,471,705 titled “ULTRAVIOLET LASER 
SYSTEMAND METHOD HAVING WAVELENGTH 
IN THE 200-NM RANGE, issued Dec. 30, 2008 and 
filed Nov. 9, 2006; and 

U.S. Provisional Patent Application Ser. No. 61/263,736 
titled “Q-SWITCHED OSCILLATOR SEED 
SOURCE FOR MOPA LASER ILLUMINATOR 
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2 
METHOD AND APPARATUS, filed by Savage 
Leuchs et al. on Nov. 23, 2009; which are all incorpo 
rated herein in their entirety by reference. 

FIELD OF THE INVENTION 

The invention relates generally to optical waveguides and 
more particularly to fiber lasers and fiber amplifiers that 
output high-peak-power pulses (well over a kilowatt (kW)), 
in a first output beam having a first infrared signal wave 
length (e.g., in Some embodiments, about 1900 nm), wherein 
the first output beam is passed through a wavelength 
conversion device to generate a second output beam at a 
second blue or blue-green wavelength that is one-quarter the 
wavelength of the first signal wavelength, near 475 nm, 
wherein, in some embodiments, the blue or blue-green 
output is used for communications to and/or from underwa 
ter locations and/or for underwater LIDAR (light distancing 
and ranging) or imaging where this output wavelength is 
particularly beneficial for transmission through seawater. 

BACKGROUND OF THE INVENTION 

Conventional state-of-the-art lasers for outputting high 
power blue-green or blue light having wavelengths in the 
450-500-nm region are very costly, inefficient, and fragile. 
Prior-art devices for generating these wavelengths typically 
require many nonlinear conversion steps, including use of a 
tunable laser or optical parametric oscillator. 

U.S. Pat. No. 6,288,835 titled “OPTICAL AMPLIFIERS 
AND LIGHT SOURCE* to Lars Johan Albinsson Nilsson is 
incorporated herein by reference. This patent describes 
single- or few-moded waveguiding cladding-pumped lasers, 
Superfluorescent sources, and amplifiers, as well as lasers, 
including those for high-energy pulses, in which the inter 
action between the waveguided light and again medium is 
substantially reduced. This leads to decreased losses of 
guided desired light as well as to decreased losses through 
emission of undesired light, compared to devices of the prior 
art. Furthermore, cross-talk and inter-symbol interference in 
semiconductor amplifiers can be reduced. Also described are 
devices with a predetermined saturation power, and a single 
(transverse) mode optical fiber laser or amplifier in which 
the active medium (providing gain or saturable absorption) 
is shaped as a ring, situated in a region of the fiber's 
cross-section where the intensity of the signal light is 
substantially reduced compared to its peak value. The fiber 
can be cladding-pumped. 

U.S. Pat. No. 4,867,558 titled “Method of remotely 
detecting submarines using a laser that issued Sep.19, 1989 
to Leonard et al. and U.S. Pat. No. 4,893,924 titled “Method 
of remotely detecting Submarines using a laser that issued 
Jan. 16, 1990 also to Leonard et al. are both incorporated 
herein by reference. Leonard et al. describe monitoring 
Subsurface water temperatures using a laser to detect Sub 
Surface waves in a body of water Such as an ocean caused by 
a submarine. A pulsed laser beam is directed into the water 
to at least the depth of the thermocline and an analysis is 
made of the resultant Brillouin and Rayleigh backscatter 
components. Wavelength shifted Brillouin scatter is mixed 
with the unshifted Rayleigh scatter in a self-heterodyne 
manner for each Volume element of illuminated water, and 
the frequency of the heterodyne signal is measured and 
converted into temperature. In those patents, the scheme is 
not directly detecting the Submarine but instead is detecting 
the internal waves in the thermocline boundary in the 
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seawater. The Submarine’s passage leaves ripples in the 
thermocline, which are subsequently detected by the system 
incorporating a laser. 

U.S. Pat. No. 7,283,426 titled “Method and apparatus for 
detecting submarines' that issued to Grasso on Oct. 16, 2007 
is incorporated herein by reference. Grasso describes detect 
ing, tracking and locating Submarines utilizing pulsed coher 
ent radiation from a laser that is projected down through a 
water column, with particles in the water producing speckle 
from backscatter of the random particle distribution, with 
correlation of two closely time-spaced particle-based 
speckle patterns providing an intensity measurement indica 
tive of the presence of a submarine. Subsurface submarine 
movement provides a Subsurface wake which causes move 
ment of particles Such that two closely-spaced 'snapshots' 
of the returns from particles in the same water column can 
detect particle movement due to the wake. 

U.S. Pat. No. 5,270,780 titled “Dual detector LIDAR 
system and method that issued to Moran et al. on Dec. 14, 
1993 is incorporated herein by reference. This patent 
describes a light detection and ranging (LIDAR) system that 
uses dual detectors to provide three-dimensional imaging of 
underwater objects (or other objects hidden by a partially 
transmissive medium). An initial laser pulse is transmitted to 
known X-y coordinates of a target area. The photo signals 
returned from the target area from this initial pulse are 
directed to the low resolution, high bandwidth detector, 
where a preliminary determination as to the location (depth, 
or Z coordinate) of an object in the target area is made based 
on the time-of-receipt of the return photo signal. A second 
laser pulse is then transmitted to the target area and the 
return photo signals from such second laser pulse are 
directed to the high resolution, narrow bandwidth detector. 
This high-resolution detector is gated on at a time so that 
only photo signals returned from a narrow "slice' of the 
target area (corresponding to the previously detected depth 
of the object) are received. 

U.S. Pat. No. 5,504,719 titled “Laser hydrophone and 
virtual array of laser hydrophones' that issued to Jacobs on 
Apr. 2, 1996 is incorporated herein by reference. This patent 
describes a hydrophone or a virtual array of hydrophones for 
sensing the amplitude, frequency, and in arrays, the direction 
of Sonic waves in water. The hydrophone employs a laser 
beam which is focused upon a small “focal volume of water 
in which natural light scattering matter is suspended and 
which matter vibrates in Synchronism with any Sonic waves 
present. The vibration produces a phase modulation of the 
scattered light which may be recovered by optical hetero 
dyne and sensitive phase detection techniques. The Sonic 
waves are sensed at locations displaced from the focusing 
lenses. 

U.S. Pat. No. 5,091,778 titled “Imaging LIDAR systems 
and K-meters employing tunable and fixed frequency laser 
transmitters' that issued to Keeler on Feb. 25, 1992 is 
incorporated herein by reference. Keeler describes a laser 
imaging system for underwater use that employs a wave 
length-tunable laser. In particular, Keeler emphasizes the 
operation of the laser at blue wavelengths to optimize the 
performance in the open ocean. 

U.S. Pat. No. 7,505.366 titled “Method for linear optoa 
coustic communication and optimization' that issued to 
Blackmon et al. on Mar. 17, 2009 is incorporated herein by 
reference. Blackmon et al. describe optical-to-acoustic 
energy conversion for optoacoustic communication from an 
in-air platform to an undersea vehicle. They describe direct 
ing a high-power laser at the ocean Surface in order to 
generate acoustic waves (sound), wherein the Sound is used 
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4 
as the communications signal to an underwater target 
receiver. Blackmon et al. assert that signals used in under 
water acoustic telemetry applications are capable of being 
generated through a linear optoacoustic regime conversion 
process. They address the use of oblique laser beam inci 
dence at an air-water interface to obtain considerable in-air 
range from the laser source to the water surface where the 
Sound is formed to communicate to the undersea vehicle. 

U.S. Patent Application Publication 2007/0253453 titled 
“Solid-state laser arrays using published Nov. 1, 2007, and 
U.S. Patent Application Publication 2008/0317072 titled 
“Compact solid-state laser published Dec. 25, 2008 both by 
Essaian and Shchegrov, are incorporated herein by refer 
ence. Essaian et al. describe a compact Solid-state laser array 
for nonlinear intracavity frequency conversion into desired 
wavelengths using periodically poled nonlinear crystals. The 
crystals contain dopants such as MgO and/or have a speci 
fied stoichiometry. One embodiment includes a periodically 
poled nonlinear crystal chip Such as periodically poled, 
MgO-doped lithium niobate (PPMgOLN), periodically 
poled, MgO-doped lithium tantalate (PPMgOLT), periodi 
cally poled, ZnO-doped lithium niobate (PPZnOLN), peri 
odically poled, ZnO-doped lithium tantalate (PPZnOLT), 
periodically poled stoichiometric lithium niobate (PPSLN), 
and periodically poled Stoichiometric lithium tantalate 
(PPSLT), periodically poled MgO- and ZnO-doped near 
stoichiometric lithium niobate (PPMgOSLN, PPZnOSLN), 
or periodically poled MgO- and/or ZnO-doped near-stoi 
chiometric lithium tantalate (PPMgOSLT, PPZnOSLT), for 
efficient frequency doubling of an infrared laser pump beam 
into the visible wavelength range. The described designs are 
said to be especially advantageous for obtaining low-cost 
green and blue laser Sources. The use of such high-efficiency 
pumps and nonlinear materials allows Scaling of a compact, 
low-cost architecture to provide high output power levels in 
the blue/green wavelength range. 
What are needed are improved methods and apparatus for 

generating high-power pulses of infrared (IR) light of par 
ticular wavelengths and converting this light to blue-green 
and/or blue light. Also needed are systems capable of deep 
underwater communications, imaging, and other sensing 
using light obtained from a frequency-converted laser beam. 

SUMMARY OF THE INVENTION 

In some embodiments, the present invention provides an 
apparatus, method and associated fiber-laser architectures 
for high-power pulsed operation and for pumping of wave 
length-conversion devices. In some embodiments, the wave 
length conversion generates blue laser light by frequency 
quadrupling the infrared light from an initial thulium (Tm)- 
doped fiber laser using a non-linear wavelength conversion 
device. In some embodiments, the initial Tm-doped fiber 
laser uses a master-oscillator power-amplifier (MOPA) con 
figuration that uses a seed laser beam from a semiconductor 
laser that is amplified by one or more fiber amplifiers. In 
other embodiments, the initial laser (or the seed laser if the 
initial laser uses a MOPA configuration) is a Q-switched or 
cavity-dumped ring fiber laser. In yet other embodiments, 
the seed source includes a distributed feedback (DFB) laser 
diode, a distributed Bragg reflector (DBR) laser diode, or a 
laser diode externally stabilized with a fiber Bragg grating or 
a Volume Bragg grating. 

In some embodiments, the one or more fiber amplifiers 
include a large-mode-area (LMA) fiber and/or include a 
polarization-maintaining (PM) fiber and/or include a multi 
ply-clad fiber that uses cladding pumping and/or uses a 
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plurality of stages (e.g., lengths of active (amplifying) fibers 
separated by “pump blocks” (e.g., monolithic free-space 
optical elements that inject additional pump light and/or 
filter the signal light to narrow the linewidth and/or remove 
amplified spontaneous emission (ASE) and then pass the 
signal light to a further amplifying fiber Such as described in 
commonly assigned U.S. Pat. No. 7,537,395 titled DIODE 
LASER-PUMP MODULE WITH INTEGRATED SIGNAL 
PORTS FOR PUMPING AMPLIFYING FIBERS AND 

METHOD that issued May 26, 2009, and as described in 
commonly assigned U.S. patent application Ser. No. 1 1/420, 
751 that was filed May 27, 2006 (which issued as U.S. Pat. 
No. 7,941,019 on May 10, 2011) titled MONOLITHIC 
PUMP BLOCK FOR OPTICAL AMPLIFIERS AND 
ASSOCIATED METHOD, and which are each incorporated 
herein by reference))). 

In some embodiments, the frequency-quadrupled blue 
light from the laser is used for underwater communications, 
imaging, and/or object and anomaly detection. In some 
embodiments, the infrared (IR) light from the initial or seed 
laser is pulsed and/or otherwise amplitude modulated, 
wherein the pulses and/or other amplitude modulation 
encode data that is to be communicated to or from an 
underwater vehicle (Such as a Submarine) once the modu 
lated light has its wavelength quartered (i.e., has its fre 
quency quadrupled). In other embodiments, the frequency 
quadrupled blue-light pulses are transmitted in a scanned 
pattern (Such as a raster scan) and a light detector measures 
reflections of the light pulses to allow time-of-flight mea 
Surement of distances to objects or other anomalies in each 
of a plurality of directions (i.e., of the raster-scanned under 
water Volume), which in turn are used to generate a data 
structure representing a three-dimensional rendition of the 
underwater Volume (i.e., of the scene being imaged) for 
viewing by a person or for other Software processing and 
analysis. 
The architectures of the present invention enable opera 

tion of the initial or seed fiber laser in Q-switched, cavity 
dumping, or hybrid Q-switched/cavity-dumping modes. In 
all of these modes of operation, the initial or seed laser is 
designed as a unidirectional ring cavity, which minimizes 
pulse-to-pulse amplitude/temporal instabilities and feedback 
effects. 

In some embodiments of the Q-switched mode, the initial 
or seed laser includes a large-core rare-earth-doped fiber 
featuring a core having a low numeric aperture (NA) (in 
some embodiments, the low core NA is explicitly configured 
and intended to minimize the fraction of spontaneous emis 
sion from the active species (e.g., the dopant) that is cap 
tured and amplified in the core), an electro-optic switch of 
high on/off extinction (10 dB or higher) that provides 
enough inter-pulse extinction to minimize circulation and 
amplification of spontaneous emission in the cavity of the 
initial or seed laser (in one of the invention's baseline 
embodiments, this modulator is a small-aperture rubidium 
titanyl phosphate (RTP) Pockels cell), an output coupler, and 
an intracavity bandpass filter to enforce lasing operation in 
a narrow wavelength range. 

In some embodiments of the cavity-dumped mode, the 
initial or seed laser is configured in a similar manner, except 
that an output coupler is no longer necessary, since the 
optical power can be extracted from the laser cavity by the 
electro-optic switch itself. The same initial or seed laser can 
be configured to operate in both Q-switched and cavity 
dumping modes as well as in hybrid modes (e.g., partial 
Q-switch, followed by cavity dumping). In some embodi 
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6 
ments, the initial or seed laser can be used as, or inject laser 
light into, a regenerative solid-state optical amplifier. 
Some embodiments include an all-fiber pulsed or 

Q-switched ring laser (such as described in U.S. Provisional 
Patent Application 61/263,736 titled “Q-SWITCHED 
OSCILLATOR SEED-SOURCE FOR MOPA LASER 

ILLUMINATOR METHOD AND APPARATUS, filed by 
Savage-Leuchs et al. on Nov. 23, 2009, which is incorpo 
rated herein by reference). Other embodiments use a differ 
ent type of ring laser as the initial master-oscillator or seed 
stage in a master-oscillator power-amplifier (MOPA) sys 
tem, or as a power-oscillator stage, the ring laser having a 
large-core rare-earth-doped fiber that is ring-connected with 
a free-space path having an electro-optic Switch, output 
coupler, one-way (unidirectional) isolator and/or intracavity 
bandpass filter to enforce lasing operation in a narrow 
wavelength range (such as described in U.S. patent appli 
cation Ser. No. 12/053,551, titled “HIGH-POWER, 
PULSED RING FIBER OSCILLATOR AND METHOD 
filed by Di Teodoro et al. on Mar. 28, 2008, which is 
incorporated herein by reference, and which issued as U.S. 
Pat. No. 7,876,803 on Jan. 25, 2011). In some cavity 
dumped modes, the laser is configured in a similar manner, 
except that an output coupler is no longer necessary, since 
the optical power can be extracted from the laser cavity by 
the electro-optic switch itself. In some embodiments, the 
same laser is configured to operate in Q-switched, cavity 
dumping modes, in hybrid modes (e.g., partial Q-switch, 
followed by cavity dumping), or even continuous wave 
(CW; i.e., a laser beam that is continuous and substantially 
constant in amplitude when the laser is on, and not pulsed or 
amplitude modulated) wherein some downstream output 
beam is amplitude modulated. In some embodiments, the 
laser is used as, or injects laser light into, a regenerative 
Solid-state amplifier, is used as a Raman amplifier, or is used 
as a Raman laser to access wavelengths in the near- and 
mid-infrared wavelength ranges, which wavelengths are 
then wavelength converted to one-quarter the wavelength 
using non-linear wavelength conversion. In some embodi 
ments, the laser is also used to generate visible, ultra-violet, 
mid-infrared, and far-infrared terahertz (THz) radiation via 
nonlinear wavelength-conversion processes including fre 
quency doubling, tripling and quadrupling; optical-paramet 
ric generation, optical-parametric amplification, and optical 
parametric oscillation; difference-frequency mixing; Sum 
frequency mixing; and optical rectification. In some of any 
of these embodiments, the initial IR laser is used as a 
stand-alone laser whose output is wavelength converted to a 
wavelength in the range of 450-500 nm, while in other 
embodiments, the initial IR laser is used as a seed or master 
laser for one or more optical power amplifiers (the master 
oscillator power-amplifier (MOPA) configuration), and the 
output of those one or more amplifiers is wavelength con 
verted. 

In some embodiments, the initial laser of the present 
invention, in all of its modes of operation (Q-switched, 
cavity-dumped, or partial Q-switch followed by cavity 
dumping), emits radiation in the 1650- to 2100-nm range (in 
Some embodiments, using a fiber doped with Tm, Ho, or 
both) (and the final output wavelength is in the 412- to 
525-nm range). In some embodiments, the wavelength is in 
the 1800- to 2000-nm range (and the final output wavelength 
is in the 450- to 500-nm range). In all of these embodiments, 
the initial laser can be used as a stand-alone laser whose 
output frequency is quadrupled, or as a seed laser for optical 
amplifiers whose output frequency is quadrupled. 
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In Some embodiments, the present invention provides 
high-power output pulses that are used for underwater 
communications, or for detection of underwater objects or 
disturbances (such as turbulence due to Submarines or 
marine animals), or for mapping sea-bottom topography. 

Other advantages of the present invention include low 
cost, relatively compact footprint, few parts, Solid-state 
parts, and relatively simple setup and operation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a perspective block diagram of a visible-light 
communications system 101 using a frequency-quadrupled 
IR laser system 190 that outputs and/or detects light in a 
wavelength range of about 450 nm to about 500 nm. 

FIG. 1B is a block diagram of a visible-light communi 
cations system 102 using a frequency-quadrupled IR laser 
system 190 that outputs and/or detects light in a wavelength 
range of about 450 nm to about 500 nm. 

FIG. 1C is a perspective block diagram of a visible-light 
sensing/imaging system 103 using a frequency-quadrupled 
IR laser system 193 that outputs and/or detects light in a 
wavelength range of about 450 nm to about 500 nm. 

FIG. 1D is a block diagram of a visible-light sensing/ 
imaging system 104 using a frequency-quadrupled IR laser 
system 193 that outputs and/or detects light in a wavelength 
range of about 450 nm to about 500 nm. 

FIG. 2A is a block diagram of a visible-output system 201 
using an IR master-oscillator power-amplifier (MOPA) 
source laser 210A and wavelength converter 250. 

FIG. 2B is a block diagram of an IR-output system 202 
using an IR ring laser 210B. 

FIG. 3A is a block diagram of a one-or-more-wavelength 
output system 301 using an IR laser 310A. 

FIG. 3B is a block diagram of a one-or-more-wavelength 
output system 302 using an IR laser 310B. 

FIG. 4 is a graph 401 showing the spectrum of Sunlight. 
FIG. 5A is a series of graphs 501 showing sunlight 

penetration at various depths in seawater. 
FIGS. 5B-5C are graphs 503-504 showing polarization 

differences of light in seawater. 
FIG. 6 is a block diagram of a visible-output system 601 

using an IR ring laser 610. 
FIG. 7A is a block diagram of a multiple-wavelength 

output system 701 using an IR ring laser 710. 
FIG. 7B is a graph 703 of an electrical-pulse waveform 

741. 
FIG.7C is a graph 704 of an optical-pulse waveform 742. 
FIG. 8 is a block diagram of a materials-processing 

system 800 using one or more of the ring-laser systems 811 
as described herein. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Although the following detailed description contains 
many specifics for the purpose of illustration, a person of 
ordinary skill in the art will appreciate that many variations 
and alterations to the following details are within the scope 
of the invention. Accordingly, the following preferred 
embodiments of the invention are set forth without any loss 
of generality to, and without imposing limitations upon the 
claimed invention. Further, in the following detailed 
description of the preferred embodiments, reference is made 
to the accompanying drawings that form a part hereof, and 
in which are shown by way of illustration specific embodi 
ments in which the invention may be practiced. It is under 
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8 
stood that other embodiments may be utilized and structural 
changes may be made without departing from the scope of 
the present invention. 
The leading digit(s) of reference numbers appearing in the 

Figures generally corresponds to the Figure number in 
which that component is first introduced. Such that the same 
reference number is used throughout to refer to an identical 
component that appears in multiple figures. Signals and 
connections may be referred to by the same reference 
number or label, and the actual meaning will be clear from 
its use in the context of the description. 

In some embodiments, the present invention provides an 
apparatus and process wherein a fiber ring laser is operated 
in Q-switched, cavity-dumping, or hybrid Q-switched/cav 
ity-dumping modes. In some embodiments, the fiber laser 
operates in the infrared wavelengths (having one or more 
wavelengths selectable via the one or more active dopant 
species that is/are used in the fabrication of the fiber, and via 
the bandpass filter(s) used), and outputs short-duration very 
high-power pulses (e.g., thousands of kilowatts, in some 
embodiments). In some embodiments, the output of the fiber 
ring laser is converted to radiation having a desired wave 
length in the visible or ultra-violet for transmission through 
water, and in particular seawater, via nonlinear wavelength 
conversion devices including frequency doubling, tripling, 
quadrupling and/or quintupling elements, optical-parametric 
generation units, optical-parametric amplification units, and 
optical-parametric oscillation units, difference-frequency 
mixing units, Sum-frequency mixing units, and optical 
rectification units, for example. Some embodiments also 
output radiation in the mid-infrared or far-infrared (THz) 
range for use in communication in air between aircraft 
and/or surface vessels. 

FIG. 1A is a perspective block diagram of a visible-light 
communications system 101 using a frequency-quadrupled 
IR laser system 190 that outputs and/or detects light in a 
wavelength range of about 450 nm to about 500 nm (gen 
erally perceived by humans as blue colors), according to 
Some embodiments. In some embodiments, the initial source 
infrared (IR) laser has a wavelength of about 1800 nm to 
about 2000 nm. In some embodiments, an underwater 
vehicle 616 is in one-way or two-way communications with 
a remote vehicle (such as another underwater vehicle 116 
(such as a Submarine), a Surface vessel 47 (Such as a 
destroyer, missile cruiser or aircraft carrier) and/or an air 
craft 48 (such as a helicopter orjet fighter) or a land vehicle 
(such as a HUMVEE(R), not shown here (“HUMVEE is a 
registered trademark of AM General Corp.)). Because green 
colors propagate better in the types of water found near 
shore, Some embodiments mounted on a land vehicle use a 
frequency-quadrupled IR laser system 190 that outputs 
and/or detects light in a wavelength range of about 500 nm 
to about 550 nm (generally perceived by humans as green 
colors), and the initial source IR laser has a wavelength of 
about 2000 nm to about 2200 nm. In some embodiments, 
each such vehicle includes a transmitter and/or receiver 
portion of a communications system 190 connected by 
fiber-optic cables within the vehicle to and/or from a 
vehicle-to-external interface 191 (e.g., in some embodi 
ments, a fiber-optic array and transform lens Such as 
described in commonly assigned U.S. Pat. No. 7,429,734 
titled “SYSTEM AND METHOD FOR AIRCRAFT 
INFRARED COUNTERMEASURES TO MISSILES.” 
which issued to Steven C. Tidwell Sep. 30, 2008, which is 
incorporated herein by reference; or a laser-pointing turret or 
gimbal; or, in other embodiments, some other Suitable 
laser-output port to the vehicle. Such as a fixed wide-angle 
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transmission lens having little directionality in order to not 
show an enemy observer which direction the communica 
tions target is located and thus to disguise or not reveal the 
location of the underwater target of the communications). In 
some embodiments, the transmitted laser beam 199 from 
each vehicle has a wavelength of approximately 470 nm 
(0.47 microns) or other suitable wavelength to which sea 
water is relatively transparent, and is modulated (e.g., using 
amplitude-modulation or pulse-width modulation or other 
Suitable modulation scheme) with data (e.g., text, images, or 
other data, which may or may not be encrypted, as desired 
by the parties to the communication) that is to be commu 
nicated. In some embodiments, the communications system 
101 is considered to include one or more of the vehicles 47. 
48, 116, and/or 616, themselves, to which the data-and-laser 
systems 190 are mounted. The seawater surface (water-air 
interface) is labeled with reference number 89. 

FIG. 1B is a block diagram of a visible-light communi 
cations system 102 using a frequency-quadrupled IR laser 
transmission system 190 that outputs an encoded data stream 
that is modulated onto the transmitted output laser beam 199 
having a narrowband (e.g., in some embodiments, a FWHM 
(full-width half-maximum) linewidth of 1 nm or less) light 
wavelength in a wavelength range of about 450 nm to about 
500 nm (this output laser beam 199 is transmitted to a 
remote vehicle 117) and/or a receiver-detector system 150 
that detects light in a wavelength range of about 450 nm to 
about 500 nm (this is received from remote vehicle 117), and 
demodulates the encoded data 159 which is output and/or 
stored. In some embodiments, the receiver-detector System 
150 includes a filter 156 (in some embodiments, a narrow 
band wavelength filter and/or polarization filter) to essen 
tially eliminate all wavelengths (and/or polarizations) other 
than the wavelength (and/or polarization) of the narrowband 
(and/or polarized) transmitted light 199, in order to increase 
the signal-to-noise ratio. In some embodiments, the data 149 
that is to be communicated is Supplied to communications 
transmission modulator 151 which controls a modulation of 
the laser light generated by laser 152 (in some embodiments, 
this includes a thulium-doped fiber laser and/or thulium 
doped fiber amplifier as described below). In some embodi 
ments, the modulated and amplified intermediate laser beam 
has a wavelength of approximately 1880 nm (1.88 microns) 
that is coupled to frequency quadrupler 153 (which converts 
the wavelength to 25% of the original wavelength, which is 
470 nm (0.47 microns)). In some embodiments, this 470-nm 
output beam (still having the data encoded on it) is directed 
in a particular direction by beam-steering unit 154. In some 
embodiments, beam-steering unit 154 is the external inter 
face 191 of FIG. 1A. This beam steering directs a majority 
of the output beam toward the desired target receiver, in 
order to further improve signal strength and the signal-to 
noise ratio of the signal. The portion of this signal 199 that 
is received by the remote target vehicle 117 (i.e., a vehicle 
at a distance from the transmitter vehicle) is processed as 
described in the next paragraph (in the description of the 
receiving apparatus 150). In some embodiments, the remote 
vehicle 117 also transmits encoded data on a laser beam that 
it generates and transmits in a manner as described earlier in 
this paragraph, using its own transmitting apparatus 190. 

In some embodiments, each vehicle in system 102 of FIG. 
1B has a receiving apparatus 150 configured to receive 
laser-beam communications from other vehicles. For 
example, in a surface ship (vehicle) 47 (see FIG. 1A), the 
laser beam 199 from the remote vehicle 117 is received (e.g., 
by an optional receiver pointer unit 155 that preferentially 
receives laser light of a particular wavelength (e.g., 470 nm) 
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10 
from a particular direction (e.g., from the direction of the 
remote vehicle 117) in order to increase its signal-to-noise 
ratio. In some embodiments, the received laser signal and 
any associated light noise (e.g., other wavelengths that are 
not desired) is passed through narrowband wavelength band 
pass filter 156 that passes only the desired wavelengths (e.g., 
having a FWHM linewidth of 1 nm or less, centered at a 
wavelength of 470 nm) and rejects other wavelengths. This 
filtered light is then detected by beam detector 157 which 
generates an electrical signal representative of the encoded 
data, and this electrical signal is coupled to communica 
tions-reception demodulator 158, which then outputs the 
decoded data 159 (e.g., text, images, or other tactical or 
strategic data). In some embodiments, the beam-steering 
unit 154 and/or the receiver-pointer unit 155 are included in 
the vehicle-interface unit 191 of FIG. 1A. 

In some embodiments, the transmitted beam 199 is polar 
ized (e.g., in Some embodiments, linearly polarized; in other 
embodiments, circularly polarized). In some embodiments, 
filter 156 of receiver 150 includes a polarizer having an 
orientation that is, or selectively can be, oriented to match 
the polarization of the transmitted beam 199. In other 
embodiments, receiver 150 is replicated in whole or in part, 
wherein a received light signal that includes beam 199 is 
directed through a polarizing beam splitter (considered part 
of filter 156), e.g., such that the horizontal polarized light is 
split from the vertically polarized light (in other embodi 
ments, the incoming beam is split or received by different 
receiver pointers and each part directed through a separate 
polarized filter 156 having a different polarization). In some 
embodiments, the different polarizations are each detected 
and the resulting signals subtracted from one another in 
order to further distinguish the desired signal having one 
polarization from the portion of background light having a 
different polarization. 

FIG. 1C is a perspective block diagram of a visible-light 
sensing/imaging system 103 using a frequency-quadrupled 
IR laser system 193 that outputs and/or detects light in a 
wavelength range of about 450 nm to about 500 nm. In some 
embodiments, system 103 transmits an output laser beam 
197 that is used to illuminate an underwater scene 143 
and/or 144 (e.g., a pulsed beam that when reflected can be 
used for determining ranges and directions to various 
objects). In some embodiments, a passing Submarine or 
animal causes turbulence 142 that in turn causes a distur 
bance 143 to a neighboring thermocline 141. The transmit 
ted laser beam 197 is reflected by disturbance 143 and the 
reflected light 196 is then detected and/or imaged via 
laser-interface unit 194 (e.g., attached to surface vessel 47. 
aircraft 48 or even another underwater vehicle such as 
vehicle 616 of FIG. 1A). In some embodiments, the trans 
mitted laser beam 197 (which is a water-source to water 
destination beam) is pulsed, and reflections from the water 
surface (in the case of aerial vehicles) and detection of the 
reflected pulse from various underwater features (such as 
thermoclines, sea life, and bottom surface) allows time-of 
flight measurements that are combined with the angular 
direction of where the transmitted pulse was directed, and/or 
from which the reflected pulse was detected, to provide 
three-dimensional (3D) information from which a 3D image 
(e.g., one that is generated as two images to be viewable with 
Stereoscope glasses to the left eye and right eye of a person 
viewing the 3D image) or a two-dimensional (2D) image 
(e.g., a 2D image where the viewpoint of the 3D data is 
rotatable (varying the azimuth and altitude angles) and 
Zoomable (varying the distance from the 3D features) by the 
viewer using conventional 3D viewing software (such as 



US 9,684,077 B2 
11 

software browsers capable of rendering X3D markup lan 
guage (which is the ISO-standard XML-based file format for 
representing three-dimensional (3D) computer graphics), or 
Virtual Reality Modeling Language (VRML); the X3D 
standard features extensions to VRML (e.g., Humanoid 
Animation, NURBS (Non-Uniform Rational B-Splines, 
which are mathematical representations of 3D geometry that 
can accurately describe any shape from a simple 2D line, 
circle, arc, or curve to a very complex 3D organic free-form 
surface or solid), GeoVRML (VRML for the representation 
of geographical data), and the like), and enhanced applica 
tion programming interfaces (APIs). In some embodiments, 
the scene being imaged includes underwater Surface topol 
ogy 144. In some embodiments, the output laser beam is 
focussed to a narrow beam that is scanned (e.g., in two 
angular directions to perform an X-Y raster scan or other 
Suitable scan pattern), and the time-of-flight delays until the 
reflected signals are received are used to generate a 3D 
representation of the underwater scene. Light signals 197 
represent the transmitted signal beam (where the transmitter 
and receiver are directly interfaced with, or located in, the 
water being examined), and received light signals 196 
(which are due to light interactions with anomalies or 
objects and are shown as water-object-interaction to water 
detector light signals). In a similar manner, light signals 187 
represent the transmitted signal beam (where the transmitter 
and receiver are in air (e.g., aboard an aircraft 48) above the 
seawater Surface (water-air interface 89), and thus propagate 
through air before going into the water being examined), and 
received reflections 186 represent water-object-interaction 
to in-air-detector light signals (which may also include a 
reflection from the seawater surface from the transmitted 
beam that did not enter the water). 

FIG. 1D is a block diagram of a visible-light sensing/ 
imaging system 104 using a frequency-quadrupled IR laser 
transmitter system 193 that outputs a pulsed waveform 
(amplitude modulated) transmitted laser beam 197 having a 
narrowband (e.g., in some embodiments, a FWHM (full 
width half-maximum) linewidth of 1 nm or less) light 
wavelength in a wavelength range of about 450 nm to about 
500 nm (this is transmitted toward the scene to be imaged) 
and a receiver-detector system 160 that detects light in the 
same narrowband wavelength range of (this is received from 
reflections from the water surface, underwater objects and 
sea life, thermoclines and the bottom Surface), and processes 
the received reflections 196 (which are water-object-inter 
action to water-detector light signals) to generate 2D and/or 
3D image information which is output and/or stored. In a 
similar manner, received reflections 186 in FIG. 1C repre 
sent water-object-interaction to in-air-detector light signals 
(which may also include a reflection from the seawater 
surface that must be dealt with (e.g., removed in order to 
better detect signals from under the water surface) and/or 
used as a height reference). In some embodiments, the 
receiver-detector system 160 includes a narrowband wave 
length filter 166 to essentially eliminate all wavelengths 
other than the wavelength of the narrowband transmitted 
light 197, in order to increase the signal-to-noise ratio. In 
some embodiments, the pulsed waveform that is to be 
transmitted is Supplied to a transmission modulator 161 
which controls a modulation of the laser light generated by 
laser 162 (in some embodiments, this includes a thulium 
doped fiber laser and/or thulium-doped fiber amplifier as 
described below). In some embodiments, the pulse-modu 
lated and amplified intermediate laser beam has a wave 
length of approximately 1880 nm (1.88 microns) that is 
coupled to frequency quadrupler 163 (which converts the 
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wavelength to 25% of the original wavelength, which is 470 
nm (0.47 microns). In some embodiments, this pulsed 470 
nm output beam is directed in a pattern of particular direc 
tions (e.g., an X-Y scan pattern) by optional beam-steering 
unit 164 (e.g., directed to underwater scene 88). In some 
embodiments, an optional receiver pointer unit 165 is also 
synchronized and scanned along the same pattern of par 
ticular directions (e.g., the same X-Y Scan pattern). This 
beam steering and reception pointing directs a majority of 
the output beam at any one time toward a particular angle 
(the portion of the 3D scene to be imaged), and restricts the 
received light to light received from that same direction in 
order to further improve signal strength and the signal-to 
noise ratio of the signal. The portion 196 of the pulsed output 
signal 197 that is reflected and received by the receiver 160 
(i.e., either in the same vehicle as the transmitter or in a 
second vehicle at a distance from the transmitter vehicle) is 
processed as described in the next paragraph (in the descrip 
tion of the receiving apparatus 160). In some embodiments, 
the transmitted beam 197 is polarized. In some embodiments 
where the transmitting/receiving vehicle is an aircraft 48, 
beam 197 is linearly polarized in a direction that enhances 
transmission through the air-water interface (since light of 
one polarization intersecting an air-water interface will 
reflect, while light of the orthogonal polarization will be 
transmitted through the air-water interface (especially when 
the angle of intersection matches Brewsters angle)). 

In some embodiments, receiving apparatus 160 is config 
ured to receive laser-beam reflections of the transmitted 
beam. In some embodiments, receiving apparatus 160 is in 
the same vehicle as the transmitter 193, while in other 
embodiments, receiving apparatus 160 is in a different 
vehicle located at a position that better receives the reflec 
tions from a particular underwater feature. Some embodi 
ments include a receiver-pointer unit 165 that preferentially 
receives laser light of a particular wavelength (e.g., 470 nm) 
and/or polarization from a particular direction (e.g., from the 
direction of reflections of the transmitted beam) in order to 
increase its signal-to-noise ratio. In some embodiments, the 
received laser signal and any associated light noise (e.g., 
other ambient wavelengths that are not desired) is passed 
through filter 166 (e.g., in Some embodiments, a narrowband 
wavelength bandpass filter) that passes only the desired 
wavelengths (e.g., having a FWHM linewidth of 1 nm or 
less centered at a wavelength of 470 nm) and rejects other 
wavelengths. In some embodiments, filter 166 includes a 
polarizing beamsplitter or similar apparatus that obtains two 
(or more) signals from different polarizations of the received 
light, wherein each polarized beam is detected by a respec 
tive beam detector 167 and the processing done by signal 
reception image-processing unit 168 includes Subtracting 
the signal from one polarization from the signal of another 
polarization (e.g., to remove ambient light signals that are in 
both polarizations), or other Such signal processing to 
enhance the signal-to-noise ratio. In some embodiments, the 
output image data 169 is processed to generate X3D data 
structures such as can be readily viewed and manipulated 
using conventionally available virtual-reality rendering soft 
ware, in order to enhance the visualization and simplify the 
storage and transmission of the 3D data. 

In some embodiments, the transmitted pulsed light beam 
includes a frequency-quadrupled laser beam having a broad 
linewidth or two different polarizations, or the transmitted 
pulsed light beam includes two or more frequency-qua 
drupled laser beams, each having a different wavelength 
and/or polarization in order that the received reflected signal 
can be detected and analyzed in a manner that takes advan 
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tage of the wavelength and/or polarization sensitivity of 
different scattering, absorption, fluorescence, dispersion (de 
tecting a change between different amounts of normal dis 
persion wherein the index of refraction of the material for 
blue wavelengths is higher than the index of refraction of the 
material for red wavelengths such that the bluer part (shorter 
wavelengths) of the transmitted spectrum travels slower than 
the redder part (longer wavelengths) of the spectrum, which 
results in the temporal spectrum of a pulse being distorted 
with its shorter wavelengths arriving after its longer wave 
lengths, or detecting a change between normal dispersion 
and anomalous dispersion wherein the redder part of the 
transmitted spectrum travels faster than the bluer part of the 
spectrum) or reflection mechanisms. In some embodiments, 
the pulse timing of the different transmitted pulsed signals is 
made either synchronous and simultaneous (wherein each 
pulse from each Source is simultaneous with the pulses from 
the source having other wavelengths or polarizations), Syn 
chronous and non-simultaneous (wherein each pulse from 
each source is alternated with the pulses from the sources 
having other wavelengths or polarizations), or even asyn 
chronous with pulses of other sources. 
The direction-limited wavelength-and-polarization fil 

tered light is detected by beam detector 167, which generates 
one or more electrical signals (representative of the various 
reflected polarizations and/or wavelength signal data), and 
these one or more electrical signals is, or are, coupled to 
image processor 168, which then outputs the image data 169 
(e.g., 2D or 3D images, X3D or VRML data (i.e., data in 
industry-standard data formats used for 3D data or virtual 
reality markup language formats), or other image, anomaly 
or object-detection data). In some embodiments, the beam 
steering unit 164 and the receiver-pointer unit 165 are 
included in a vehicle-interface unit 194 such as shown in 
FIG. 1C. 

In some embodiments, a single set of the IR laser and 
frequency-conversion apparatus is used for both underwater 
communications as described and shown in FIG. 1A and 
FIG. 1B, as well as for the imaging and object detection as 
described and shown in FIG. 1C and FIG. 1D. In some such 
embodiments, the information being communicated using 
the elements described in FIG. 1B is encoded onto the 
ranging pulses 197 that are being scanned for image acqui 
sition, such as described in FIG. 1D, in such a manner that 
only the pulses in one particular direction have the data to be 
communicated to a communications target in that particular 
direction, while pulses in other portions of the scan pattern 
would not include the communicated data but instead would 
include noise or other pattern data or no pattern data. For 
example, if the scan pattern of pulses from the transmitter 
were transmitted at angles that formed an X-Y Cartesian 
pattern of 1024 pixels by 1024 pixels, and the vessel to be 
communicated with were located in the direction of a given 
pixel location (e.g., pixel grid location {348,750}), then the 
pulses to that pixel grid location are modulated (e.g., the 
timing of the pulse, width of the pulse, amplitude of the 
pulse, and/or some other attribute of the pulse is varied) 
based on the data to be communicated, while pulses to other 
pixel grid locations could be varied in other ways in order 
that the communicated data and the direction to the target 
vessel could be disguised. 

In some embodiments, the submarine (e.g., vehicle 116 of 
FIG. 1C) wishing to remain hidden or to disguise its position 
would include a receiver capable of detecting a scan pattern 
of the imaging or object-detection laser beam from another 
vehicle, e.g., a surface vessel 47 or aircraft 48, and to then 
transmit its own scan pattern with differing delays relative to 
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the transmitted pulses in order that the scattering or reflec 
tions (or other light interactions) from the beam of the 
submarine 116 would be received by surface vessel 47 or 
aircraft 48 and be misinterpreted as innocuous terrain scat 
tering, reflections and/or noise. If the imaging vehicle were 
transmitting CW or large-area pulsed light to illuminate and 
image an entire Scene, the Submarine could transmit a 
Supplementary illumination toward the sea bottom that could 
hide thermocline disturbances caused by its passing. 

FIG. 2A is a block diagram of a visible-output master 
oscillator power-amplifier (MOPA) system 201 using an IR 
semiconductor-and-fiber MOPA laser 210A. In some 
embodiments, system 201 includes an electronically 
switched IR-signal semiconductor-and-fiber MOPA laser 
210A that includes a rare-earth-doped fiber 224A (e.g., an 
optical fiber having a core doped with thulium (Tm) and/or 
holmium (Ho)) having couplers 219 at its ends that are used 
receive a free-space input signal beam 294 from the seed 
laser 242 in the upper-left of the diagram and amplify that 
signal to form a free-space intermediate output beam 296. In 
Some embodiments, information is encoded and used by 
controller 235 to control some aspect of the pulse train (e.g., 
timing of pulses) imposed on input signal beam 294 in order 
that the amplified-and-wavelength-converted output beam 
299 conveys that information to a remote receiver (such as 
described above in FIG. 1A and FIG. 1B). In other embodi 
ments, the pulse train is controlled (e.g., by regular timing of 
pulses) in order that the output beam, when reflected or 
scattered by underwater anomalies (anomalies such as tur 
bulence on an underwater thermocline or halocline, or 
objects (such as a Submarine), or topography (such as the 
underwater seascape)) conveys that underwater remote 
information as various delays on the reflected light pulses 
received by a local receiver (such as described above in FIG. 
1C and FIG. 1D). This configuration of system 201 provides 
additional amplification by power fiber amplifier 224A 
outside the seed-laser cavity. In some embodiments, MOPA 
laser 210A also includes an input dichroic beam splitter 
213A that receives a seed laser signal 294 from seed laser 
242 that has passed through bandpass filter 217 (optionally 
included in some embodiments, and used to narrow the line 
width of the seed laser signal), and input dichroic beam 
splitter 213A also removes unused counter-propagating 
pump light 284 and directs it to pump dump 283. In some 
embodiments, the light from pump laser 214 is multimode 
(low-quality) light; however, amplifying fiber 224A is con 
figured as a large-mode-area large-core single-mode ampli 
fier for the signal pulses from seed laser 242. In some 
embodiments, seed laser 242 includes a semiconductor laser 
(wherein the seed-laser pulses are obtained by modulating 
the electrical current Supplied to the semiconductor laser, or 
are obtained by an optical modulator that amplitude modu 
lates CW output of the semiconductor laser), while in other 
embodiments, seed laser 242 includes a Q-switched ring 
fiber laser such as described below in FIG. 2B, for example, 
or in yet other embodiments, a CW ring-fiber laser such as 
described below in FIG. 2B but omitting the Q-switch 
modulator and instead providing an optical modulator that 
amplitude modulates CW output of the CW ring-fiber laser. 
In still other embodiments, a laser diode (i.e., a semicon 
ductor device such as, for example, SAR-1850-20 laser 
diode operating at 1850 nm, SAR-2004-DFB laser diode 
operating at 2004 nm, SAR-2050-DFB laser diode operating 
at 2050 nm, or SAR-2350-20 laser diode operating at 2350 
nm, each available from Sarnoff Corporation of 201 Wash 
ington Road, PO BOX 5300, Princeton, N.J., 08540) is 
either operated in pulsed mode to generate IR seed pulses or 
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operated in continuous-wave mode to generate an initial IR 
laser signal that is then modulated using an optical modu 
lator to generate IR seed pulses. These IR seed pulses are 
then amplified by a rare-earth-doped optical fiber and then 
frequency quadrupled. In yet other embodiments, a high 
power semiconductor laser diode (i.e., a semiconductor 
device such as, for example, a PEARL laser diode operating 
at 1900 nm (or other predetermined wavelength between 
about 1800 nm and about 2000 nm) and up to 20 watts or 
more output power, available from night Corporation of 
5408 NE 88th Street, Building E. Vancouver, Wash.98665) 
is used to generate high-power IR pulses that are frequency 
quadrupled for use in the systems of the present invention. 

In some embodiments, pump laser 214 launches pump 
light via an output dichroic beam splitter 213B in a counter 
propagating direction to the amplified signal light that is 
emerging as beam 296, and bandpass filter 221 between lens 
231 and beam splitter 213B is used to further narrow the 
bandwidth (also called the linewidth) of intermediate output 
beam 296. In some embodiments, output coupler/beam 
splitter 213B includes a dichroic beam splitter that reflects 
the high-power short-pulse signal light (so that the high 
power signal beam does not pass through this element) and 
passes pump light straight through unimpeded into coupler 
219. In some embodiments, the MOPA-laser output beam 
296 is focused by lens 231 to generate beam 297 which is 
directed into wavelength-conversion device 250 (in some 
embodiments, device 250 includes a first frequency doubler 
232 (e.g., that converts 1880-nm-wavelength light to 940 
nm-wavelength light) and a serial second frequency doubler 
233 (e.g., that converts 940-nm-wavelength light to 470 
nim-wavelength light)), and its output 298 is collimated by 
lens 234 into optional beam-steering or beam-aiming device 
240 to form directed output beam 299. In some embodi 
ments, system 201 fits into a footprint of about 50 cm by 40 
cm or Smaller. 

FIG. 2B is a block diagram of an IR-output system 202 
using an IR power-oscillator ring laser 210B. In some 
embodiments, system 202 outputs a laser signal 297 that is 
(at least partially) used directly (e.g., for IR air-to-air com 
munications), while in other embodiments, some or all of 
signal 297 is passed through a wavelength converter 250 
(which, in Some embodiments, includes a first frequency 
doubler 232 and a serial second frequency doubler 233, or, 
in other embodiments, includes an optical parametric oscil 
lator (OPO) or optical parametric amplifier (OPA) or other 
Suitable non-linear wavelength-conversion device). In some 
embodiments, electric controller 237 generates a shaped 
(e.g., in some embodiments, not a square pulse) electrical 
signal Suitable to drive Q-switch 215 (e.g., an optical modu 
lator that, in Some embodiments, is operated in a manner to 
make the ring-laser system 202 be Q-switched, and which in 
other embodiments, alternatively is operated to be an ampli 
tude optical modulator of an amplitude modulated but 
otherwise CW optical signal) in a manner that generates a 
more-constant-amplitude (e.g., Substantially square-wave) 
output-light pulse train. In some embodiments, information 
(e.g., data to be communicated) is encoded and used by 
controller 237 to control some aspect of the pulse train (e.g., 
timing, width, and/or amplitude of pulses) in order that the 
output beam 299 conveys that encoded information to a 
remote receiver (such as described above in FIG. 1A and 
FIG. 1B). In other embodiments, the pulse train is controlled 
(e.g., timing of pulses) in order that the output beam, when 
reflected by underwater anomalies (such as turbulence on a 
thermocline) or topography (such as the underwater sea 
scape) conveys that information as a reflected light pulse to 
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a local receiver (such as described above in FIG. 1C and 
FIG. 1D). In the embodiment shown, pump laser 214 has its 
output coupled into gain fiber 224B using a free-space 
wavelength-dependent element such as a dichroic beam 
splitter 213 that passes pump light and reflects signal light 
(in order to avoid having high-power short-pulse signal 
pulses pass through the beam splitter which could damage 
the beamsplitter, and instead have the CW or longer-pulse 
lower-power pump light pass through the beam-splitting 
element). In some embodiments, system 202 has a physical 
footprint of no more than 0.2 meters (e.g., 50 cm by 40 cm). 

FIG. 3A is a block diagram of a one-or-more-wavelength 
output system 301 using an IR laser 310A. In some embodi 
ments, system 301 operates in a manner Substantially similar 
to that described for system 202 of FIG. 2B, except that the 
fiber 224B of FIG. 2B, when used as laser 310A, is doped 
with a rare-earth (such as Yb) that lases efficiently at a 
shorter IR wavelength (e.g., Such as 1064 nm, which is 
shorter than the 1800 to 2200 nm used, e.g., in the embodi 
ments described above for FIG. 2A and FIG. 2B), and laser 
310A outputs an initial high-power intermediate laser beam 
380 having the shorter IR wavelength, which is first fre 
quency-down-converted to two longer wavelengths by using 
the high-power shorter IR wavelength laser output beam 380 
as the pump-light input to optical parametric oscillator 
(OPO) 340A and one or more frequency quadruplers 350.1 
and 350.2 are placed at the respective outputs 381 and 382 
of OPO 340A to generate output beams 384 and 385 
respectively. In some embodiments, a frequency doubler 
(e.g., 332.3) is also used as a later stage for the unconverted 
pump light 383 of the OPO to generate output beam 386. In 
this way, wavelength converters operate to frequency-up 
convert each of up to three wavelengths that are output by 
OPO 340A. In some embodiments, OPO340A is operated to 
output coherent light at each of up to three different wave 
lengths, viz., light beam 383 at a pump wavelength W, which 
is the unconverted portion of intermediate signal 380 (i.e., 
the output beam from laser 310A, which in various embodi 
ments includes a ytterbium (Yb) doped laser lasing at 1064 
nm, but which is otherwise configured as the IR laser 210A 
of FIG. 2A, the IR laser 210B of FIG. 2B, the IR laser 610 
of FIG. 6, or the IR laser 710 of FIG. 7A), idler light beam 
382 at an idler wavelength w, that is one of the two wave 
lengths resonant in OPO 340A, and signal light beam 381 at 
a signal wavelength W that is the other of the two wave 
lengths resonant in OPO 340A. (Note that the “signal' beam 
and the "idler' beam and the unconverted “pump' beam are 
terms of art in relation to an OPO; as used in these 
embodiments, any one or two or even all three output beams 
derived from the OPO 340A of FIG. 3A and OPO 340B of 
FIG. 3B are used as signals.) A more detailed description of 
an OPO that can be used in system 301 is provided in U.S. 
Pat. No. 7,620,077 titled “APPARATUS AND METHOD 
FOR PUMPING AND OPERATING OPTICAL PARA 
METRIC OSCILLATORS USING DFB FIBER LASERS. 
which issued Nov. 17, 2009 (which is incorporated herein by 
reference). In some embodiments, the resonant wavelength 
of OPO 340A is adjustable by adjusting its intracavity 
wavelength bandpass filter 341 (e.g., a Fabry-Perot resona 
tor). For example, if the OPO pump wavelength of light 
beam 380 were 1064 nm, and one of the wavelength 
converted output beams (e.g., signal beam 381) has a 
wavelength of 1850 nm, the other wavelength-converted 
output beams (e.g., idler beam 382s) wavelength would be 
2504 nm. If the pump wavelength is then doubled by 
wavelength converter 332.3, its output beam 386 would 
have a wavelength of 532 nm (green), and the other two 
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beams 381 and 382 would be frequency quadrupled (to a 
wavelength of 462.5 nm (blue) of output beam 384 and a 
wavelength of 632 nm (red) of output beam 385, respec 
tively), thus providing three output colors that could be used 
to distinguish imagable underwater objects. Of course, other 
embodiments use different pump wavelengths and different 
resonant wavelengths to obtain different output wave 
lengths. 

FIG. 3B is a block diagram of a one-or-more-wavelength 
output system 302 using an IR laser 310B. In some embodi 
ments, system 302 uses a frequency quadrupler 250 between 
a thulium-doped laser 310B (in some embodiments, fre 
quency quadrupler 250 is implemented as a pair of serially 
operating frequency doublers such as frequency doublers 
232 and 233 of FIG. 2A or FIG. 2B, using the output beam 
297 from laser 310B (which in various embodiments 
includes the IR laser 210A of FIG. 2A, the IR laser 210B of 
FIG. 2B, or any of the other IR laser embodiments described 
herein)) having a wavelength of about 1900 nm (e.g., using 
a thulium-doped gain fiber in laser 310B) to obtain inter 
mediate beam 299 having a 475-nm wavelength (i.e., cor 
responding to output beam 299 of FIG. 2B, but in the 
embodiment shown in FIG. 3B this beam is further wave 
length converted to obtain other wavelengths) that is input to 
an OPO340B having one resonant wavelength a little longer 
than 950 nm (e.g., 960 nm) and thus another resonant 
wavelength a little shorter than 950 nm (e.g., 940 nm), and 
each of these two converted wavelengths (idler and signal) 
is frequency doubled to obtain output wavelengths at 470 
nm and 480 nm, and the residual pump wavelength at 475 
nm is also output. In some embodiments, such closely 
spaced wavelengths are used to distinguish objects having 
different interactions with the different wavelengths. 

In some embodiments of the present invention, the gain 
fiber(s) used in the master-oscillator and/or power-amplifier 
stages of each of the described ring lasers are doped with Tm 
(in Some embodiments, the lasing signal wavelength is about 
1900 nm, while in other embodiments, the lasing signal 
wavelength is in the range of about 1700 nm to about 2100 
nm), and in some embodiments, the pump light for the 
MOPA has a wavelength in the range of about 780 nm to 810 

. 

In some embodiments of the present invention, the gain 
fiber(s) used in the master-oscillator and/or power-amplifier 
stages of each of the described ring lasers is doped with Tm 
(in Some embodiments, the lasing signal wavelength is about 
1940 nm, while in other embodiments, the lasing signal 
wavelength is in the range of about 1880 nm and about 2040 
nm, and, in some embodiments, a pump wavelength of about 
794 nm is used, such as described in co-owned U.S. patent 
application Ser. No. 12/050,937, which is incorporated 
herein by reference, and which issued as U.S. Pat. No. 
8,202,268 to Wells et al. on Jun. 19, 2012). 

In some embodiments, the wavelength filter of the ring 
lasers can be adjusted by, e.g., tilting the filter element to 
achieve the desired wavelength of the ring laser. 

In some embodiments of each of the other ring lasers in 
the figures (e.g., those shown in FIG. 1B, FIG. 1D, FIG. 2A, 
FIG. 2B, FIG. 6, and FIG. 7A) described herein, the respec 
tive gain fibers for the master oscillators, power oscillators, 
and/or power amplifiers include passive PM end fibers 
spliced to one or both ends of the gain fibers, in order to 
reduce heat in portions of the fiber that are not in good 
thermal contact with a heat sink (such as a water-cooled 
mandrel as described in U.S. patent application Ser. No. 
12/053,551 filed on Mar. 21, 2008, titled “HIGH-POWER, 
PULSED RING FIBER OSCILLATOR AND METHOD, 
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which is incorporated herein by reference, and which issued 
as U.S. Pat. No. 7,876,803 on Jan. 25, 2011). 

For example, Some embodiments use a rare-earth-doped 
fiber (e.g., in some embodiments, the length of gain fiber is 
in the range of 1-5 meters long; in some embodiments, 
having a thulium-doped core) having a core diameter (e.g., 
in some embodiments, a constant core diameter for the 
length of the fiber) in a range of about 10 microns to about 
25 microns or larger and an outer diameter of between about 
250 microns and about 400 microns (fibers such as these are 
available or can be ordered from companies such as Nufern, 
7 Airport Park Road, East Granby, Conn. 06026, Coractive, 
2700 Jean-Perrin, Suite 121, Quebec (Qc), Canada, G2C 
1S9, or OFS, 2000 Northeast Expressway, Norcross, Ga., 
30071). 
As described in co-owned U.S. patent application Ser. No. 

12/050,937 titled “METHOD AND MULTIPLE-MODE 
DEVICE FOR HIGH-POWER SHORT-PULSE-LASER 
ABLATION AND CW CAUTERIZATION OF BODILY 
TISSUES” that was filed Mar. 18, 2008 (which is incorpo 
rated herein by reference, and which issued as U.S. Pat. No. 
8,202.268 on Jun. 19, 2012), some embodiments can also 
provide a continuous wave (CW) mode or quasi-CW mode 
by outputting a CW-activation signal in order to enable CW 
operation of the master oscillator without Q-switching. 

In some embodiments, a power-amplifier pump laser is 
used to pump the power-amplifier stage (in Some embodi 
ments, this power-amplifier pump laser is a semiconductor 
laser bar (e.g., up to 50 watts or more in some embodi 
ments)) that generates pump light having a wavelength of 
approximately 785 nm, which is effectively absorbed by the 
gain fiber in order to amplify the signal light to form the 
output signal beam. In some embodiments a master-oscil 
lator pump laser is a semiconductor laser bar that generates 
pump light (e.g., up to 25 watts or more in Some embodi 
ments) also having a wavelength of approximately 785 nm, 
which is effectively absorbed by the master-oscillator's gain 
fiber in order to amplify feedback signal light to form the 
intermediate output (seed) signal beam. 

FIG. 4 is a graph 401 showing the spectrum of Sunlight. 
The features in the spectrum labeled with various letters 
correspond to “Fraunhofer lines.” At the wavelengths cor 
responding to Fraunhofer lines, the Solar background is 
reduced, so the signal/background ratios for communication 
or LIDAR systems may be improved by operating at one of 
these wavelengths. In some embodiments, the wavelength of 
the quadrupled light beam is set to the wavelength of the 
feature F (one of the Fraunhofer features (absorption lines in 
the Solar spectrum)) shown in graph 401. In some embodi 
ments, the wavelength of the quadrupled light beam is set to 
the wavelength of one of the other Fraunhofer features 
(absorption lines in the Solar spectrum). 

FIG. 5A is a series of graphs 501 that include a graph 
502.1 showing sunlight penetration in seawater at 1 meter, 
a graph. 502.10 for 10 meters, and a graph. 502.100 for 100 
meters. 

FIG. 5B is a graph. 503 showing polarization differences 
in light transmission through water. 

FIG. 5C is a graph. 504 showing polarization differences 
in light transmission through water. 

FIG. 6 is a block diagram of a visible-output system 601 
using an IR ring laser 610. In contrast to the power-oscillator 
operation of system 201 of FIG. 2A, the ring laser of FIG. 
6 (and other MOPA lasers as described in U.S. patent 
application Ser. No. 12/053,551 filed on Mar. 21, 2008, titled 
“HIGH-POWER PULSED RING FIBER OSCILLATOR 
AND METHOD,” which is incorporated herein by reference 
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(and which issued as U.S. Pat. No. 7,876,803 on Jan. 25, 
2011), operates in a master-oscillator power-amplifier 
(MOPA) mode. In some embodiments, system 601 includes 
a Q-switched IR-signal fiber ring laser 610 that includes a 
rare-earth-doped (e.g., in some embodiments, thulium 
doped) optical fiber 624 having fiber-to-free-space couplers 
(formed by fused silica endcap 623 and lens 622 (at the 
lower end in FIG. 6) and fused silica endcap 611 and lens 
612 (at the upper end in FIG. 6)) that are used to form a 
free-space in-cavity beam 604. In the embodiment shown, 
ring laser 610 operates in a low-power master-oscillator 
mode, wherein the oscillator and power-amplifier functions 
of the laser are separated, and power amplifier 620, external 
to the oscillator ring, generates the high-power pulse 698 
from the output signal 697 of the lower-power ring laser 610. 

In Some embodiments, ring laser 610 also includes a 
pump laser 603 (e.g., a moderately low-power diode laser 
that outputs a continuous-wave (CW) signal during opera 
tion of the laser), a dichroic beam splitter 613 (also labeled 
M1, indicating mirror 1, which reflects only the pump light) 
that passes the signal wavelength (traveling in a clockwise 
direction) but reflects the pump light in a counter-propagat 
ing counter-clockwise direction into the ring fiber 624, a first 
polarizing beam splitter 614, Q-switch modulator 615 driven 
by a pulsed driving voltage from pulse source 605, a second 
polarizing beam splitter 616, optical isolator 619 used to 
obtain unidirectional (in a clockwise direction, in the 
embodiment shown) signal in the ring laser, first half-wave 
plate 617, a third polarizing beam splitter 618 used to output 
the infrared intermediate output beam 697 through bandpass 
filter 655 and then dichroic beamsplitter 625 (also labeled 
mirror M2, which, in some embodiments, is replaced by an 
optical isolator that prevents any high-power signal or pump 
light from traveling in a backward direction from the power 
amplifier stage 620 into the master oscillator 610), wherein 
the signal 697 is amplified by power amplifier 620 to form 
high-power output signal pulses 698 that exit through lens 
631. In some embodiments, low-power infrared intermedi 
ate output beam 697 passes through a second bandpass filter 
655 before entering the power amplifier 620. In some 
embodiments the wavelength spectrum of low-power infra 
red intermediate output beam 697 is narrowed and deter 
mined by bandpass filter 655 (e.g., in some embodiments, a 
filter having a 1.0-1.5-mm-linewidth passband; in other 
embodiments, the filter has a less-than-1-nm pass-band). In 
the master oscillator ring 610, the clockwise-traveling signal 
light continues from polarizing beam splitter (PBS) 618 
through bandpass filter 621 (e.g., a Fabry-Perot interferom 
eter having an angle-adjustable wavelength selectivity). In 
some embodiments, the wavelength spectrum of beam 604 
is narrowed and determined by bandpass filter 621 (e.g., in 
Some embodiments, a filter having a 0.7-mm-linewidth pass 
band, such as a bandpass filter part available from Barr 
Associates, Inc., 2 Lyberty Way, Westford, Mass. 01886 
USA, having a web address www.barrassociates.com). In 
some embodiments, the pump light from pump laser 603 
counter-propagates relative to beam 604, and is launched or 
combined (in the counter-clockwise direction in the figure) 
into the ring beam 604 by dichroic beam splitter 613 (e.g., 
in Some embodiments, a dichroic beam splitter mirror, Such 
as is available from Barr Associates, Inc.). 

In some embodiments, isolator 619 (e.g., in Some embodi 
ments, an optical isolator Such as is available from Electro 
Optics Technology, Inc., 5835 Shugart Lane, Traverse City, 
Mich. 49684 USA having a web address www.eotech.com) 
ensures unidirectional (clockwise direction in the figure) 
lasing in the ring laser 610. In some embodiments, the gain 
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fiber 624 is thulium doped to lase at about 1880 nm (e.g., in 
Some embodiments, about 2 meters of thulium-doped gain 
fiber). In some embodiments, the Q-switch modulator 615 is 
an RTP Pockels cell (e.g., in some embodiments, Q-Switch: 
RTP. 4x4x20 mm from Raicol Crystals Ltd., 15 Giron St., 
Industrial Zone, Yehud, 56217 Israel, with a web site at 
www.raicol.com (as described in detail previously for FIG. 
2A)). 

In some embodiments, the half-wave retardation plates 
617 and 646 (e.g., in some embodiments, part number 
CWO-1960-02-04 available from Lattice Electro-Optics of 
Fullerton, Calif. www.latticeoptics.com; or half-wave plates 
such as are available from CVI Laser, L.L.C., 200 Dorado 
SE, Albuquerque, N.Mex. 87123 USA, having a web 
address www.cvillaser.com) each provide a rotation in the 
direction of polarization of beam 604 by an amount greater 
than 45 degrees and less than 90 degrees, in some embodi 
ments, with an angle set or optimized by measuring the 
output power with a power meter and maximizing the output 
power by adjusting the polarization angle. In some embodi 
ments, beam splitters 614, 616, and 618 are polarizing 
beam-splitting (PBS) cubes (e.g., in Some embodiments, 
such as are available from CVI Laser, L.L.C., or a Glan 
Thompson (“walk-off) polarizer). In some embodiments, 
PBS 614 cleans up the polarization of the signal light before 
it enters modulator 615 (e.g., an electro-optic RTP 
Q-switch), while the second PBS 616 is used with the 
modulator 615 to pass or block the signal beam 604. 
Half-wave plate 617 is set to an angle that rotates the 
direction of polarization Such that most of the signal beam 
is output to low-power infrared intermediate beam 697. 
while passing a small portion through narrow-linewidth 
bandpass filter 621 to seed further lasing. In some embodi 
ments, a second half-wave plate 646 is used to rotate the 
seed light polarization to match the polarization angle of the 
gain fiber 624. In some embodiments, gain fiber 624 is a 
polarizing/polarization-maintaining amplifying fiber, e.g., in 
Some embodiments, one that includes two 'stress rods, one 
on either side of its 25-micron core in a 250-micron 
diameter fiber, to promote and maintain polarized amplifi 
cation in the fiber. In some embodiments, the bandpass filter 
621 is a 0.7-nm-linewidth thin-film interferometer set at 
angle to select the desired wavelength. Lens 622 focuses the 
seed light into the endcap 623 of fiber 624. 

In some embodiments, the low-power pulsed infrared 
intermediate beam 697 is focused by lens 626 into an endcap 
of power-amplifier fiber 627 where it is amplified using 
pump light from power-amplifier pump-laser Subsystem 640 
(which, in some embodiments, includes a plurality of laser 
diodes 648 that are directed into respective fibers that are 
joined by a fiber coupler into a single fiber, and output 
through a fiber-to-free-space coupler (e.g., in Some embodi 
ments, formed by a fused silica endcap) and collimated by 
lens 641 into a parallel beam that is reflected by dichroic 
beamsplitter 629 to lens 628 that focusses the pump beam in 
a counter-propagating direction (right-to-left in the diagram) 
to enter through a free-space-to-fiber coupler into fiber 627. 
Amplified signal pulses from the fiber (propagating in a 
left-to-right direction in FIG. 6) are collimated by lens 628 
and pass through dichroic beamsplitter 629 to output as 
pulse beam 698, which is focused by lens 631 into non 
linear device 650 (e.g., a series of two conventional fre 
quency-doubling devices that change the output wavelength 
to one quarter its starting wavelength (e.g., in Some embodi 
ments, from 1880 nm to 470 nm)), as described above for 
FIG. 2A, and the frequency-quadrupled pulses are colli 
mated by lens 633 and output as pulsed beam 699. 
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In some embodiments, the high-power pulsed infrared 
intermediate beam 698 is frequency quadrupled from 1880 
nm (IR) to 470 nm (blue) by a wavelength-conversion 
device 650 that includes a first frequency-doubler non-linear 
crystal such as periodically poled MgO-doped lithium nio 
bate (PPMgOLN) or periodically poled MgO-doped lithium 
tantalate (PPMgOLT) (used for medium to high power 
embodiments, because the MgO doping increases the opti 
cal-damage threshold) or periodically poled lithium niobate 
(PPLN) (used for low-power embodiments) that converts the 
1880 nm (IR) to 940 nm (IR) wavelengths and a second 
frequency-doubler non-linear crystal such as lithium borate 
(LBO), or periodically poled nonlinear frequency doubling 
crystal such as PPMgOLN, PPMgOLT, PPZnOLN, 
PPZnOLT, stoichiometric PPLN (called PPSLN herein), or 
stoichiometric PPLT (called PPSLT herein) that converts the 
940 nm (IR) to 470 nm (blue) wavelengths. In some embodi 
ments, the first and second frequency-doubler non-linear 
crystals are selected from among those (such as PPMgOLN, 
PPMgOLT, PPZnOLN, PPZnOLT, PPSLN, or PPSLT) 
described in U.S. Patent Application Publication 2007/ 
0253453 titled “Solid-state laser arrays using and U.S. 
Patent Application Publication 2008/0317072 titled “Com 
pact solid-state laser,” which are incorporated herein by 
reference. In some such embodiments, the first frequency 
doubler non-linear crystal is different than the second fre 
quency-doubler non-linear crystal. Other embodiments use 
PPKTP (periodically poled potassium titanyl phosphate) or 
PPSLT that are quasi-phasematched. In other embodiments, 
lithium borate (LBO used in a non-critically phasematched 
configuration and operated at rather a high temperature of 
about 280 degrees C. for generating wavelengths about 485 
nm) or bismuth borate (BiBO used in a critically phase 
matched configuration) are used for the frequency-quadru 
pling operation. 

In some embodiments, the blue output beam is used for 
the underwater communications, imaging, or LIDAR appli 
cations shown in FIG. 1A, FIG. 1B, FIG. 2A, and/or FIG. 
2B: in other embodiments, the blue-light output beam(s) is 
(are) used for any other Suitable purpose, such as various 
medical purposes. In some embodiments, intermediate beam 
698 includes up to 5000-watt pulses (up to 10 watts con 
tinuous) or more, and up to 25 percent or more of the 
intermediate beam 698 is converted to blue light of output 
beam 699, resulting in blue-light output of up to 1250 watts 
peak (up to 2.5 watts continuous) or more. 

In some embodiments, the ring-laser output beam 698 is 
focused by lens 631 into wavelength-conversion device 632 
(in some embodiments, a frequency quadrupler that qua 
druples the frequency, and thus quarters the wavelength of 
the light from infrared at 1880 nm to blue at 470 nm), and 
its output is collimated by lens 633 to form output beam 699. 
In some embodiments, a wavelength-selective dichroic mir 
ror (not shown) is used in the output beam 699 to pass the 
converted wavelengths and block any residual infrared 
wavelengths. 

In some embodiments, the high-power pulsed infrared 
intermediate beam 698 is frequency quadrupled from 1880 
nm (IR) to 470 nm (blue) as described above for FIG. 2A, 
using blue module 630. In some embodiments, the blue 
output beam is used for the underwater communications, 
imaging, or LIDAR applications shown in FIG. 1A, FIG. 
1B, FIG. 2A, and/or FIG. 2B: in other embodiments, the 
blue-light output beam(s) is (are) used for any other suitable 
purpose, such as possible medical purposes. 

In some embodiments, intermediate beam 698 includes up 
to 5000-watt pulses (up to 10 watts continuous) or more, and 
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up to 50 percent or more of the intermediate beam 898 is 
converted to blue light, resulting in blue-light output of up 
to 2500 watts peak (up to 5 watts continuous) or more. 

In some embodiments, blue module 630 includes one or 
more dichroic mirrors (not shown) on output beam 699 that 
are used to remove unconverted IR pump light from power 
amplifier 620, and/or to add an optional auxiliary signal 
beam that is inserted to be co-axial with the output beam 699 
(e.g., in Some embodiments the auxiliary signal beam is 
generated by a low-power continuous-wave semiconductor 
diode laser with a wavelength that is substantially different 
from the wavelength of converted blue pulsed beam 699) 
such that output beam 699 includes the blue pulsed beam 
co-axially aligned with the auxiliary signal beam (Such as 
described in U.S. patent application Ser. No. 12/053,551 
filed on Mar. 21, 2008, titled “HIGH-POWER, PULSED 
RING FIBER OSCILLATOR AND METHOD,” which is 
incorporated herein by reference, and which issued as U.S. 
Pat. No. 7,876,803 on Jan. 25, 2011). 

FIG. 7A is a block diagram of a multiple-wavelength 
output Q-switched ring-laser system 701 using an IR ring 
laser 710. In some embodiments, ring laser 710 includes a 
rare-earth-doped gain fiber 724, a Q-switch 712 controlled 
by electronic controller 730, and an output coupler 711 (e.g., 
a polarizing beam splitter in Some embodiments) that out 
puts an intermediate output beam 713 having a wavelength 
of that is processed by wavelength-conversion device 720 
(in some embodiments, a non-linear optical device, such as 
a wavelength doubler or OPO or other suitable device) that 
outputs one or more output wavelengths 721 . . . 722 (e.g., 
wavelengths w through W). 

FIG. 7B is a graph 703 of the amplitude (in voltage, 
current or other suitable unit) over time of an electrical-pulse 
waveform 741. In some embodiments, an electrical pulse 
having an amplitude that increases over time (a ramp shape, 
such as shown) is output from controller 730 of FIG. 7A and 
used to drive Q-switch 712, where the increasing amplitude 
of the electrical pulse gradually opens the Q-switch in a 
manner that compensates for the decrease in cavity gain 
(and/or external amplifier gain) over time. 

FIG. 7C is a graph 704 of an idealized optical-pulse 
waveform 742 (representing the shape of pulses at output 
713 of the above figures, wherein the pulse shape is approxi 
mately “square' (substantially constant over the duration of 
the pulse) because of the compensating nature of the 
Q-switch driving Voltage. 

FIG. 8 is a block diagram of a materials-processing 
system 800 using one or more of the ring-laser systems 811 
as described herein (e.g., ring-laser system 811 can include 
system 102 of FIG. 1B, system 104 of FIG. 1D, system 201 
of FIG. 2A, system 202 of FIG. 2B, system 301 of FIG. 3A, 
system 302 of FIG. 3B, system 601 of FIG. 6 and/or system 
701 of FIG. 7A). In some embodiments, materials-process 
ing system 800 includes a production unit 810 that is 
controlled by one or more controllers 812 and which uses the 
laser output of one or more ring-laser systems 811. In some 
embodiments, each ring-laser system 811 includes one or 
more of the designs exemplified by the systems described 
above and shown in FIG. 1B, FIG. 1D, FIG. 2A, FIG. 2B, 
FIG. 3A, FIG. 3B, FIG. 6, and FIG. 7A. In various embodi 
ments, the light output from the IR laser (e.g., light from 
beam 297 of FIG. 2B) is also used directly (in addition to the 
blue wavelength-converted light 299 of FIG. 2B), while in 
other embodiments, the light output from the IR laser is only 
an intermediate beam that is further wavelength converted 
by any of the wavelength-conversion devices described 
herein (Such as a wavelength doubler or tripler, optical 
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parametric generator (OPG), optical parametric oscillator 
(OPO), or operational parametric amplifier (OPA) or the 
like) and then the wavelength-converted light is output. 

In Some embodiments, the present invention provides 
high-power blue output pulses that can be used to remove 
paint, machine via holes (Small holes in electronic Substrates 
or printed circuit boards (PCBs)), metal and/or semiconduc 
tor annealing, laser welding, semiconductor-memory repair 
(e.g., opening metal lines to connect and/or disconnect spare 
sections of memory for other sections that have errors, thus 
increasing the yield of usable chips in memory manufac 
ture), laser trimming of precision resistors (e.g., for analog 
to-digital converters and digital-to-analog converters), other 
materials processing and/or the like. 
Some embodiments include a materials-processing sys 

tem having one or more of the laser systems described herein 
that is used to provide the laser energy for the materials 
processing operation. 

In some embodiments, the present invention provides a 
method that includes optically pumping a fiber ring laser 
having a beam path; forming a first signal beam in the beam 
path of the fiberring laser, Q-switching the first signal beam; 
and extracting an intermediate output beam from the first 
beam. In some embodiments, this first signal beam is a first 
free-space signal beam. In some embodiments, the interme 
diate output beam is frequency quadrupled to generate a 
frequency-quadrupled beam. 

In some embodiments, the intermediate output beam any 
of the embodiments of the present invention described 
herein has a wavelength in a range of 1800 nm to 2000 nm 
inclusive and the frequency-quadrupled beam has a wave 
length in a range of 450 nm to 500 nm inclusive. In some 
embodiments, the intermediate output beam has a wave 
length in a range of 1801 nm to 1820 nm inclusive and the 
frequency-quadrupled beam has a wavelength in a range of 
450.25 nm to 455 nm inclusive. In some embodiments, the 
intermediate output beam has a wavelength in a range of 
1821 nm to 1840 nm inclusive and the frequency-qua 
drupled beam has a wavelength in a range of 455.25 nm to 
460 nm inclusive. In some embodiments, the intermediate 
output beam has a wavelength in a range of 1841 nm to 1860 
nm inclusive and the frequency-quadrupled beam has a 
wavelength in a range of 460.25 nm to 465 nm inclusive. In 
Some embodiments, the intermediate output beam has a 
wavelength in a range of 1861 nm to 1880 nm inclusive and 
the frequency-quadrupled beam has a wavelength in a range 
of 465.25 nm to 470 nm inclusive. In some embodiments, 
the intermediate output beam has a wavelength in a range of 
1870 nm to 1890 nm inclusive and the frequency-qua 
drupled beam has a wavelength in a range of 467.5 nm to 
472.5 nm inclusive. In some embodiments, the intermediate 
output beam has a wavelength in a range of 1881 nm to 1900 
nm inclusive and the frequency-quadrupled beam has a 
wavelength in a range of 470.25 nm to 475 nm inclusive. In 
Some embodiments, the intermediate output beam has a 
wavelength in a range of 1901 nm to 1920 nm inclusive and 
the frequency-quadrupled beam has a wavelength in a range 
of 475.25 nm to 480 nm inclusive. In some embodiments, 
the intermediate output beam has a wavelength in a range of 
1921 nm to 1940 nm inclusive and the frequency-qua 
drupled beam has a wavelength in a range of 480.25 nm to 
485 nm inclusive. In some embodiments, the intermediate 
output beam has a wavelength in a range of 1941 nm to 1960 
nm inclusive and the frequency-quadrupled beam has a 
wavelength in a range of 485.25 nm to 490 nm inclusive. In 
Some embodiments, the intermediate output beam has a 
wavelength in a range of 1961 nm to 1980 nm inclusive and 
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the frequency-quadrupled beam has a wavelength in a range 
of 490.25 nm to 495 nm inclusive. In some embodiments, 
the intermediate output beam has a wavelength in a range of 
1981 nm to 2000 nm inclusive and the frequency-qua 
drupled beam has a wavelength in a range of 495.25 nm to 
500 nm inclusive. In some embodiments, the intermediate 
output beam has a wavelength in a range of 2001 nm to 2040 
nm inclusive and the frequency-quadrupled beam has a 
wavelength in a range of 500.25 nm to 510 nm inclusive. In 
Some embodiments, the intermediate output beam has a 
wavelength in a range of 2041 nm to 2080 nm inclusive and 
the frequency-quadrupled beam has a wavelength in a range 
of 510.25 nm to 520 nm inclusive. In some embodiments, 
the intermediate output beam has a wavelength in a range of 
2081 nm to 2120 nm inclusive and the frequency-qua 
drupled beam has a wavelength in a range of 520.25 nm to 
530 nm inclusive. In some embodiments, the intermediate 
output beam has a wavelength in a range of 2121 nm to 2160 
nm inclusive and the frequency-quadrupled beam has a 
wavelength in a range of 530.25 nm to 540 nm inclusive. In 
Some embodiments, the intermediate output beam has a 
wavelength in a range of 2161 nm to 2200 nm inclusive and 
the frequency-quadrupled beam has a wavelength in a range 
of 540.25 nm to 550 nm inclusive. 

In some embodiments, the intermediate output beam has 
a wavelength in a range of 1600 nm to 1800 nm inclusive 
and the frequency-quadrupled beam has a wavelength in a 
range of 400 nm to 450 nm inclusive. In some embodiments, 
the intermediate output beam has a wavelength longer than 
2200 nm and the frequency-quadrupled beam has a wave 
length longer than 550 nm. 

In some embodiments, the frequency-quadrupled beam is 
pulsed, and the pulses are modulated (e.g., via varying the 
timing and/or width of the pulses) with encoded data, and 
the encoded beam is transmitted through water to commu 
nicate the data between two platforms such as an underwater 
vessel and another vehicle. In some embodiments, the 
frequency-quadrupled beam is focussed and directed in a 
particular direction in order to increase the signal and/or the 
signal-to-noise ratio at the receiving destination platform. 
Some embodiments further include opto-isolating the 

signal beam to travel only in a single direction around the 
r1ng. 
Some embodiments further include filtering the signal 

beam to limit a linewidth of the signal beam in the ring. 
In some embodiments, the Q-switching is electronically 

controlled. In some Such embodiments, a timing of a pulse 
is determined by the electronically controlled Q-switcher. In 
Some embodiments, the Q-switching includes using a Pock 
els cell. In some embodiments, the Q-switching includes 
using a rubidium titanyl phosphate (RTP) Pockels cell. 
Some embodiments further include polarizing the signal 

beam to a linear polarization on each of two sides of the RTP 
Pockels cell. 

In some embodiments, the extracting of the intermediate 
output beam from the free-space beam includes using a 
polarizing beam splitter. 
Some embodiments further include rotating a direction of 

polarization by an empirically-determined amount on both 
of two sides of the output polarizing beam splitter. 

In some embodiments, the opto-isolating of the signal 
beam is done between the two rotatings of the direction of 
polarization. 
Some embodiments further include wavelength convert 

ing the intermediate output beam to a wavelength different 
from a wavelength of the intermediate output beam. 
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Some embodiments further include opto-isolating the 
signal beam to travel only in a single direction around the 
ring; filtering the signal beam to limit a linewidth of the 
signal beam in the ring laser, wherein the Q-switching 
includes using a rubidium titanyl phosphate (RTP) Pockels 
cell; polarizing the signal beam to a linear polarization on 
each of two sides of the RTP Pockels cell, wherein the 
extracting of the intermediate output beam from the free 
space beam includes using a polarizing beam splitter, rotat 
ing a direction of polarization by 90 degrees on both of two 
sides of the polarizing beam splitter, wherein the opto 
isolating of the signal beam is done between the two 
rotatings of the direction of polarization; and wavelength 
converting the intermediate output beam to a wavelength 
different from a wavelength of the intermediate output beam. 

In some embodiments, the present invention provides an 
apparatus that includes a fiber-ring laser having a signal 
beam path, the fiber ring laser including an optically 
pumped polarization-maintaining (PM) gain fiber that forms 
a portion of the signal beam path; a pump port configured to 
guide pump light into the gain fiber, fiber-end optics at each 
of two ends of the gain fiber, the fiber-end optics forming a 
free-space portion of the signal beam path; a Q-switch in the 
free-space signal beam path; and extraction optics config 
ured to obtain an intermediate output beam from the free 
space beam. 
Some embodiments further include an opto-isolator in the 

signal beam path configured to limit the signal beam to 
travel only in a single direction around the ring. 
Some embodiments further include a wavelength filter in 

the free-space portion of the signal beam path configured to 
limit a linewidth of the signal beam in the ring. 

In some embodiments, the Q-switch includes a rubidium 
titanyl phosphate (RTP) Pockels cell. 
Some embodiments further include two polarizers in the 

free-space portion of the signal beam path on each of two 
sides of the RTP Pockels cell to linearly polarize the signal 
beam on the two sides of the RTP Pockels cell. 

In some embodiments, the extraction optics include a 
polarizing beam splitter. 
Some embodiments further include a half-wave plate in 

the free-space portion of the signal beam path on each of two 
sides of the polarizing beam splitter. 

In some embodiments, the opto-isolator is located 
between the two half-wave plates. 
Some embodiments further include a wavelength-con 

verting device optically coupled to receive the intermediate 
output beam and to converta wavelength of the intermediate 
output beam to a wavelength different from the wavelength 
of the intermediate output beam. 

In some embodiments, the present invention provides an 
apparatus that includes means for optically pumping a fiber 
ring laser having a beam path; means for forming a free 
space signal beam in the beam path of the fiber ring laser; 
means for Q-switching the free-space signal beam; and 
means for extracting an intermediate output beam from the 
free-space beam. 
Some embodiments further include means for opto-iso 

lating the signal beam to travel only in a single direction 
around the ring. 
Some embodiments further include means for filtering the 

signal beam to limit a linewidth of the signal beam in the 
r1ng. 

In some embodiments, the means for Q-switching 
includes a rubidium titanyl phosphate (RTP) Pockels cell. 
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Some embodiments further include means for polarizing 

the signal beam to a linear polarization on each of two sides 
of the RTP Pockels cell. 

In some embodiments, the means for extracting of the 
intermediate output beam from the free-space beam includes 
a polarizing beam splitter. 
Some embodiments further include means for rotating a 

direction of polarization by 90 degrees on both of two sides 
of the polarizing beam splitter. 

In some embodiments, the means for opto-isolating of the 
signal beam is located between the two rotators of the 
direction of polarization. 
Some embodiments further include means for wavelength 

converting the intermediate output beam to a wavelength 
different from a wavelength of the intermediate output beam. 
Some embodiments further include means for opto-iso 

lating the signal beam to travel only in a single direction 
around the ring; means for filtering the signal beam to limit 
a linewidth of the signal beam in the ring, wherein the 
Q-switching includes using an optical amplitude modulator; 
means for polarizing the signal beam to a linear polarization, 
wherein the means for extracting of the intermediate output 
beam from the free-space beam includes a polarizing beam 
splitter; means for rotating a direction of polarization on 
both of two sides of the polarizing beam splitter, wherein 
means for the opto-isolating of the signal beam is between 
the two rotatings of the direction of polarization; and means 
for wavelength converting the intermediate output beam to 
a wavelength different from a wavelength of the intermedi 
ate output beam. 

In some embodiments, one or more of the gain fiber(s) of 
each embodiment includes a photonic-crystal fiber (PCF) or 
photonic-crystal rod (PCR). In some such embodiments, the 
PCF or PCR is polarization maintaining (PM). In some 
embodiments, one or more of the gain fiber(s) of each 
embodiment includes a large-mode-area (LMA) fiber (e.g., 
in some embodiments, the mode-field diameter in the fiber 
is larger than about 12 microns, while in other embodiments, 
the mode-field diameter in the fiber is larger than about 25 
microns, the mode-field diameter in the fiber is larger than 
about 50 microns, the mode-field diameter in the fiber is 
larger than about 75 microns, or the mode field diameter in 
the fiber is larger than about 100 microns). In some such 
embodiments, the LMA fiber is polarization maintaining 
(PM). In some embodiments, the LMA fiber has a numerical 
aperture (NA) of no more than about 0.15, while in other 
embodiments, the LMA fiber has an NA of no more than 
about 0.12, the LMA fiber has an NA of no more than about 
0.10, the LMA fiber has an NA of no more than about 0.08, 
or the LMA fiber has an NA of no more than about 0.06. 

In some embodiments, the amplified IR output beams 
(either from a power oscillator or from a MOPA) include 
pulses of at least 5 kW and an average power of at least 10 
W. Some embodiments use a plurality of gain stages, which, 
in some embodiments, are each separated by an isolator (a 
one-way optical element to prevent backward-traveling 
light) and/or a narrowband filter (to reduce amplifier spon 
taneous emission (ASE) and/or clean up the signal pulses). 
In some embodiments, one or more of the power amplifier 
stages use a photonic-crystal fiber (PCF) or photonic-crystal 
rod (PCR) as described in U.S. Pat. No. 7,391,561 titled 
FIBER - ORROD-BASED OPTICAL SOURCEFEATUR 
ING A LARGE-CORE, RARE-EARTH-DOPED PHO 
TONIC-CRYSTAL DEVICE FOR GENERATION OF 
HIGH-POWER PULSED RADIATION AND METHOD, 
which issued Jun. 24, 2008 and which is incorporated herein 
in its entirety by reference. In some embodiments, one or 
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more of the power amplifier stages use a non-photonic 
crystal fiber having a large mode area (LMA) that has a 
mode-field diameter of at least about 12 microns, while other 
embodiments use an LMA fiber that has a mode-field 
diameter of at least about 20 microns, an LMA fiber that has 
a mode-field diameter of at least about 40 microns, an LMA 
fiber that has a mode-field diameter of at least about 60 
microns, an LMA fiber that has a mode-field diameter of at 
least about 80 microns, or an LMA fiber that has a mode 
field diameter of at least about 100 microns. In some 
embodiments, the amplified IR output beams include pulses 
of at least 1 kW. In other embodiments, the amplified IR 
output beams include pulses of at least 2.5 kW. In other 
embodiments, the amplified IR output beams include pulses 
of at least 5 kW. In other embodiments, the amplified IR 
output beams include pulses of at least 10 kW. In other 
embodiments, the amplified IR output beams include pulses 
of at least 25 kW. In other embodiments, the amplified IR 
output beams include pulses of at least 50 kW. In other 
embodiments, the amplified IR output beams include pulses 
of at least 100 kW. In other embodiments, the amplified IR 
output beams include pulses of at least 250 kW. In other 
embodiments, the amplified IR output beams include pulses 
of at least 500 kW. In other embodiments, the amplified IR 
output beams include pulses of at least 1000 kW. In other 
embodiments, the amplified IR output beams include pulses 
of at least 10 kW and an average power of at least 20 W. In 
some of each of these embodiments, the amplified IR output 
beam is polarized (in Some embodiments, this polarization 
makes the non-linear conversion to other wavelengths more 
efficient). 

In some embodiments, the wavelength-conversion device 
includes apparatus and methods such as described in U.S. 
Pat. No. 7,471,705 titled “ULTRAVIOLET LASER SYS 
TEMAND METHOD HAVING WAVELENGTH IN THE 
200-NM RANGE, which issued Dec. 30, 2008 and which 
is incorporated herein in its entirety by reference. In some 
embodiments, the wavelength-converted beams include out 
put pulses of at least 2.5 kW and an average power of at least 
5 W. In other embodiments, the wavelength-converted 
beams include output pulses of at least 1.25 kW and an 
average power of at least 2.5 W. In other embodiments, the 
wavelength-converted beams include output pulses of at 
least 5 kW and an average power of at least 10 W. In other 
embodiments, the wavelength-converted beams include out 
put pulses of at least 25 kW. In other embodiments, the 
wavelength-converted beams include output pulses of at 
least 50 kW. In other embodiments, the wavelength-con 
verted beams include output pulses of at least 100 kW. In 
other embodiments, the wavelength-converted beams 
include output pulses of at least 250 kW. In other embodi 
ments, the wavelength-converted beams include output 
pulses of at least 500 kW. In some of each of the above 
embodiments in this paragraph, the wavelength-converted 
beams include wavelengths that are one-quarter the wave 
length of the amplified IR output beams (e.g., a wavelength 
converted wavelength of 470 nm if the IR wavelength is 
1880 nm, or other suitable IR wavelength that is four times 
the desired wavelength-converted output wavelength). In 
Some of each of the above embodiments in this paragraph, 
the wavelength-converted beams include wavelengths that 
are one-third the wavelength of the amplified IR output 
beams (e.g., a wavelength-converted wavelength of about 
475 nm if the IR wavelength is 1425 nm, or other suitable 
IR wavelength that is three times the desired wavelength 
converted output wavelength; wherein in Some embodi 
ments, the 1425-nm IR laser beam (or other suitable IR 
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wavelength) is generated using a cascaded Raman fiber 
laser). In some of each of the above embodiments in this 
paragraph, the wavelength-converted beams include wave 
lengths that are one-quarter the wavelength of the amplified 
IR output beams (e.g., a wavelength-converted wavelength 
of 266 nm if the IR wavelength is 1064 nm). In some of each 
of the above embodiments in this paragraph, the wave 
length-converted beams include wavelengths that are one 
fifth the wavelength of the amplified IR output beams (e.g., 
a wavelength-converted wavelength of about 400 nm if the 
IR wavelength is 2000 nm, or 475 nm if the IR wavelength 
is 2375 nm, or other suitable IR wavelength that is five times 
the desired wavelength-converted output wavelength). In 
Some of each of the above embodiments in this paragraph, 
the wavelength-converted beams include wavelengths that 
are one-sixth the wavelength of the amplified IR output 
beams (e.g., a wavelength-converted wavelength of about 
400 nm if the IR wavelength is 2400 nm, or 475 nm if the 
IR wavelength is 2850 nm, or other suitable IR wavelength 
that is six times the desired wavelength-converted output 
wavelength). 

In some embodiments, one or more of the gain fiber(s) of 
each embodiment includes a single-mode fiber (SMF) or a 
multi-mode fiber (MMF). 

In some embodiments, the present invention provides a 
method that includes providing a fiber gain medium; con 
figuring an optical signal path that extends through the fiber 
gain medium such that the optical path forms a ring laser 
having a signal beam; optically pumping the fiber gain 
medium; forming a free-space signal beam in the optical 
signal path of the ring laser; Q-switching the free-space 
signal beam outside the fiber; and extracting, from the 
free-space signal beam, an intermediate optical signal output 
beam having a first wavelength. 
Some embodiments further include forcing a majority of 

the signal beam to travel in a first direction around the ring 
laser. 
Some embodiments further include wavelength filtering 

the signal beam to limit a linewidth of the signal beam in the 
ring laser. 

In some embodiments, the Q-switching includes polariz 
ing the signal beam, rotating an angle of polarization of the 
polarized signal beam, and again polarizing the polarization 
rotated signal beam. 
Some embodiments further include preferentially ampli 

fying signal light having a first linear polarization direction 
in the fiber gain medium. 

In some embodiments, the extracting of the intermediate 
optical signal output beam from the free-space signal beam 
includes using a polarizing beam splitter to split the free 
space signal beam into the intermediate optical signal output 
beam and a ring-feedback signal beam. 
Some embodiments further include rotating a direction of 

polarization of the signal beam by a non-Zero amount on 
both of two sides of the polarizing beam splitter, wherein the 
non-Zero amount determines proportions of the intermediate 
optical signal output beam and the ring-feedback signal 
beam. 

In some embodiments, the forcing of the majority of the 
signal beam to travel in a first direction is performed 
between the two rotatings of the direction of polarization. 
Some embodiments further include frequency doubling 

the intermediate optical signal output beam to form a second 
signal output beam having a second wavelength that is 
one-half of the first wavelength of the intermediate optical 
signal output beam. 
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Some embodiments further include forcing the signal 
beam to travel in a first direction around the ring laser; 
filtering the signal beam to limit a linewidth of the signal 
beam in the ring laser, wherein the Q-switching includes 
using a rubidium titanyl phosphate (RTP) Pockels cell; 
polarizing the signal beam to a linear polarization on each of 
two sides of the RTP Pockels cell, wherein the extracting of 
the intermediate optical signal output beam from the free 
space signal beam includes using a polarizing beam splitter, 
rotating a direction of polarization by 90 degrees on both of 
two sides of the polarizing beam splitter, wherein the forcing 
of a majority of the signal beam is done between the two 
rotatings of the direction of polarization; and wavelength 
converting the intermediate optical signal output beam to a 
wavelength different from the first wavelength of the inter 
mediate optical signal output beam. 
Some embodiments further include forcing the signal 

beam to travel in a first direction around the ring laser; 
forming a free-space signal beam in the ring laser, filtering 
the signal beam to limit a linewidth of the signal beam in the 
ring laser, amplitude-modulating the signal beam to form 
pulses; polarizing the signal beam to a linear polarization; 
extracting the signal beam as an intermediate optical signal 
output beam from the free-space signal beam includes using 
a polarizing beam splitter, rotating a direction of polariza 
tion on both of two sides of the polarizing beam splitter, 
wherein the forcing of a majority of the signal beam is done 
between the two rotatings of the direction of polarization; 
and wavelength converting the intermediate optical signal 
output beam to a wavelength different from the first wave 
length of the intermediate optical signal output beam. 

In some embodiments, the present invention provides an 
apparatus that includes a ring laser that has an optical signal 
ring path and further has a signal beam that propagates in the 
ring laser, the ring laser including an optically-pumped gain 
fiber that forms a first portion of the optical signal ring path; 
a pump port configured to guide pump light into the gain 
fiber; fiber-end optics at a first end of the gain fiber and 
fiber-end optics at a second end of the gain fiber, the first and 
second fiber-end optics configured to form a free-space 
second portion of the optical signal ring path between the 
first end and the second end of the gain fiber such that a 
free-space signal beam propagates in the free-space second 
portion of the optical signal ring path; a Q-switch in the 
free-space second portion of the optical signal ring path; and 
extraction optics configured to obtain an intermediate output 
beam from the free-space signal beam. 
Some embodiments further include a first optical compo 

nent in the free-space second portion of the optical signal 
ring path configured to force a majority of the free-space 
signal beam to travel in a first direction around the ring laser. 
Some embodiments further include a wavelength filter 

located in the free-space second portion of the optical signal 
ring path configured to limit a linewidth of the signal beam 
in the ring laser. 

In some embodiments, the Q-switch includes an electrical 
control configured to control a timing of signal pulses. 

In some embodiments, the Q-switch further comprises a 
Pockels cell; and a polarizer in the free-space second portion 
of the optical signal ring path on each of two sides of the 
Pockels cell to linearly polarize the signal beam on the two 
sides of the Pockels cell. 

In some embodiments, the extraction optics include a 
polarizing beam splitter. 
Some embodiments further include a first half-wave plate 

in the free-space portion of the signal beam path on a first 
side of the polarizing beam splitter, and a second half-wave 
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plate in the free-space portion of the signal beam path on a 
first side of the polarizing beam splitter, wherein the first and 
second half-wave plates are adjustable to control a propor 
tion of the free-space signal beam that is output, and to align 
a polarization of a ring-feedback signal beam to that of the 
gain fiber. 

In some embodiments, the gain fiber is a polarization 
maintaining (PM) gain fiber. 
Some embodiments further include a wavelength-con 

verting device optically coupled to receive the intermediate 
output beam and to converta wavelength of the intermediate 
output beam to a wavelength different from the wavelength 
of the intermediate output beam. 

In some embodiments, the present invention provides an 
apparatus that includes a fiber gain medium that is config 
ured to form a first portion of an optical signal ring path that 
extends through the fiber gain medium Such that the optical 
signal ring path forms a ring laser having a signal beam; 
means, as described herein, for optically pumping the fiber 
gain medium; means, as described herein, for forming a 
free-space signal beam in the optical signal ring path; means, 
as described herein, for Q-switching the free-space signal 
beam; and means, as described herein, for extracting an 
intermediate output beam from the free-space signal beam. 
Some embodiments further include means for forcing the 

signal beam to travel in a first direction around the ring laser. 
Some embodiments further include means for filtering the 

signal beam to limit a linewidth of the signal beam in the 
ring laser. 

In some embodiments, the means for Q-switching is 
configured to pass light based on an electrical control signal. 
Some embodiments further include a rubidium titanyl 

phosphate (RTP) Pockels cell; and means for polarizing the 
signal beam to a linear polarization on each of two sides of 
a RTP Pockels cell. 

In some embodiments, the means for extracting of the 
intermediate output beam from the free-space beam includes 
means for polarizing beam splitter. 
Some embodiments further include means for rotating a 

direction of polarization by 90 degrees on both of two sides 
of the polarizing beam splitter. 

In some embodiments, the means for Q-switching 
includes means for passing light based on an electrical 
control signal, wherein the means for extracting of the 
intermediate output beam from the free-space beam includes 
means for polarizing beam splitter, wherein the gain fiber is 
a polarization-maintaining (PM) gain fiber, and wherein the 
apparatus further includes means for forcing the signal beam 
to travel in a first direction around the ring laser; and means 
for filtering the signal beam to limit a linewidth of the signal 
beam in the ring laser. 
Some embodiments further include means for wavelength 

converting the intermediate output beam to a wavelength 
different from a wavelength of the intermediate output beam. 
Some embodiments further include means for opto-iso 

lating the signal beam to travel only in a single direction 
around the ring; means for filtering the signal beam to limit 
a linewidth of the signal beam in the ring, wherein the 
Q-switching includes using a rubidium titanyl phosphate 
(RTP) Pockels cell; means for polarizing the signal beam to 
a linear polarization on each of two sides of the RTP Pockels 
cell, wherein the extracting of the intermediate output beam 
from the free-space beam includes using a polarizing beam 
splitter; means for rotating a direction of polarization by 90 
degrees on both of two sides of the polarizing beam splitter, 
wherein the opto-isolating of the signal beam is done 
between the two rotatings of the direction of polarization; 
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and means for wavelength converting the intermediate out 
put beam to a wavelength different from a wavelength of the 
intermediate output beam. 
Some embodiments of the apparatus described herein 

further include a materials-processing unit operably coupled 
to receive laser output energy from one or more of the 
ring-laser systems and/or wavelength-conversion devices 
and configured to use the laser output energy for materials 
processing functions. 

In some embodiments, the present invention provides a 
method that includes: providing a fiber gain medium; opti 
cally pumping the fiber gain medium; outputting a laser 
signal as an intermediate optical signal output beam having 
a first wavelength from the fiber gain medium; frequency 
quadrupling the intermediate optical signal output beam to 
form a frequency-quadrupled optical signal; and transmit 
ting the frequency-quadrupled optical signal through water, 
Such as seawater. Some embodiments further include encod 
ing the laser signal with data to be communicated through 
the water. In some such embodiments, the transmitting of the 
signal is between two ships, at least one of which is a 
Submarine. 
Some embodiments further include detecting a light sig 

nal caused by light interaction of the frequency-quadrupled 
signal with a thermocline in the water; and processing the 
detected light signal to derive image information. Some 
embodiments further include displaying the image informa 
tion on a monitor. 
Some embodiments further include pulsing the laser sig 

nal; detecting a light signal from one or more light interac 
tions of the incident frequency-quadrupled signal with 
anomalies in the water (e.g., scattering, reflections, disper 
sion and/or the like); and processing the detected light signal 
to derive image information. In some such embodiments, the 
transmitting of the frequency-quadrupled signal further 
includes Scanning the transmitted frequency-quadrupled sig 
nal across a range of angles in order to detect three 
dimensional (3D) image information. Some embodiments 
further include displaying the 3D image information on a 3D 
monitor. In some such embodiments, the 3D monitor 
includes a head-mounted visual-display device for a person, 
the display having separate displays for each eye of the 
person. In some embodiments, the 3D monitor includes a 
large-screen LCD screen that alternates display frames for 
the left eye of a viewer with display frames for the right eye 
of the viewer, as is well known in the art. In some embodi 
ments, the 3D monitor includes a large-screen LCD Screen 
that presents display frames for the left eye of a viewer with 
a first polarization and simultaneously presents frames for 
the right eye of the viewer with a different second polariza 
tion, such that the 3D information can be viewed by a 
plurality of persons using polarized optics (e.g., polarized 
glasses having a vertical polarization over the left eye and 
horizontal polarization over the right eye (or vice versa)). 

In some embodiments, the frequency quadrupling of the 
intermediate optical signal output beam further includes: 
frequency doubling the intermediate optical signal output 
beam to form a second optical signal output beam having a 
second wavelength that is one-half of the first wavelength of 
the intermediate optical signal output beam; and frequency 
doubling the second optical signal output beam to form the 
frequency-quadrupled optical signal beam having a third 
wavelength that is one-half of the second wavelength of the 
second optical signal output beam. 

In some embodiments, the fiber gain medium is arranged 
as a ring laser, and the method further includes forcing the 
signal beam to travel in a first direction around the ring laser, 
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forming a free-space signal beam in the ring laser, filtering 
the signal beam to limit a linewidth of the signal beam in the 
ring laser, Q-switching the signal using a rubidium titanyl 
phosphate (RTP) Pockels cell; polarizing the signal beam to 
a linear polarization on each of two sides of the RTP Pockels 
cell; extracting the laser signal as an intermediate optical 
signal output beam from the free-space signal beam includes 
using a polarizing beam splitter, rotating a direction of 
polarization by 90 degrees on both of two sides of the 
polarizing beam splitter, wherein the forcing of a majority of 
the signal beam is done between the two rotatings of the 
direction of polarization; and wavelength converting the 
intermediate optical signal output beam to a wavelength 
different from the first wavelength of the intermediate opti 
cal signal output beam. 

In some embodiments, the fiber gain medium is arranged 
as a ring laser, and the method further includes forcing the 
signal beam to travel in a first direction around the ring laser; 
forming a free-space signal beam in the ring laser, filtering 
the signal beam to limit a linewidth of the signal beam in the 
ring laser, amplitude-modulating the signal beam to form 
pulses; polarizing the signal beam to a linear polarization; 
extracting the signal beam as an intermediate optical signal 
output beam from the free-space signal beam includes using 
a polarizing beam splitter, rotating a direction of polariza 
tion on both of two sides of the polarizing beam splitter, 
wherein the forcing of a majority of the signal beam is done 
between the two rotatings of the direction of polarization; 
and wavelength converting the intermediate optical signal 
output beam to a wavelength different from the first wave 
length of the intermediate optical signal output beam. 
Some embodiments further include using the frequency 

quadrupled output beam for communications through sea 
water. In some embodiments, the transmitting of the fre 
quency-quadrupled optical signal is performed from a 
Surface vehicle. In some embodiments, the transmitting of 
the frequency-quadrupled optical signal is performed from 
an aircraft. In some such embodiments the aircraft is an 
unmanned aerial vehicle (UAV). In some embodiments, the 
transmitting of the frequency-quadrupled optical signal is 
performed from a satellite or other platform located at least 
100 kilometers from a water surface. In some embodiments, 
the transmitting of the frequency-quadrupled optical signal 
is performed from a satellite or other platform located at 
least 200 kilometers from a water surface. In some embodi 
ments, the transmitting of the frequency-quadrupled optical 
signal is performed from a satellite or other platform located 
at least 300 kilometers from a water surface. In some 
embodiments, the transmitting of the frequency-quadrupled 
optical signal is performed from an underwater stationary 
device tethered to a sea bottom. In some embodiments, the 
transmitting of the frequency-quadrupled optical signal is 
performed from a floating buoy. In some embodiments, the 
transmitting of the frequency-quadrupled optical signal is 
performed from a manned underwater vehicle Such as a 
Submarine. In some embodiments, the transmitting of the 
frequency-quadrupled optical signal is performed from an 
unmanned underwater vehicle (UUV). 
Some embodiments further include using the frequency 

quadrupled output beam for imaging through seawater. 
Some embodiments further include using the frequency 

quadrupled output beam to illuminate underwater features; 
and detecting and processing reflected light from the fre 
quency-quadrupled output beam to form image data. In 
Some embodiments, the method further includes displaying 
the image data on a monitor. 
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Some embodiments further include using the frequency 
quadrupled output beam for detection and ranging of under 
water bodies, including Submarines or other underwater 
vehicles, fish, or marine mammals. This is also called light 
distancing and ranging (LIDAR). In some embodiments, this 
is done from an aircraft, Surface vessel, or Submerged vessel. 

In some embodiments, the present invention provides an 
apparatus that includes a high-power infrared laser output 
ting a laser signal having a first wavelength between 1800 
nm and 2000 nm as an intermediate optical signal output 
beam; a data encoder operably coupled to encode data on the 
intermediate optical signal output beam; a frequency qua 
drupler operably coupled to receive the encoded intermedi 
ate optical signal output beam and to form a frequency 
quadrupled optical signal; and a beam transmitter operably 
coupled to transmit the frequency-quadrupled optical signal 
through water. In other embodiments, the data encoder is 
instead configured to encode data on a frequency-doubled 
beam obtained by frequency doubling the intermediate opti 
cal signal output beam before the data is imposed on the 
beam. In other embodiments, the data encoder is instead 
configured to encode data on a frequency-quadrupled beam 
obtained by frequency doubling and frequency doubling 
again the intermediate optical signal output beam before the 
data is imposed on the beam. In some embodiments, the 
initial (e.g., Tm-doped) fiber laser used to generate the 
intermediate IR signal uses a master-oscillator power-am 
plifier (MOPA) configuration that uses a seed laser beam 
from a semiconductor laser that is amplified by one or more 
Tm-doped fiber amplifiers. In other embodiments, the initial 
laser (or the seed laser if the initial laser uses a MOPA 
configuration) is a Q-switched or cavity-dumped ring fiber 
laser. In yet other embodiments, the seed source includes a 
distributed feedback (DFB) laser diode, a distributed Bragg 
reflector (DBR) diode, or a laser diode externally stabilized 
with a fiber Bragg grating or with a volume Bragg grating. 

In some embodiments, the present invention provides an 
apparatus that includes a high-power infrared laser output 
ting a laser signal having a first wavelength between 1800 
nm and 2000 nm as an intermediate optical signal output 
beam; a pulse generator or a pulse modulator operably 
coupled to pulse the intermediate optical signal output beam; 
a frequency quadrupler operably coupled to receive the 
pulsed intermediate optical signal output beam and to form 
a frequency-quadrupled optical signal; a beam transmitter 
operably coupled to transmit the frequency-quadrupled opti 
cal signal through water, and a light detector and processor 
configured to detect and process a sensed light signal from 
light interactions of the incident light signal with anomalies 
in the water (e.g., Scattering, reflections or the like) from the 
transmitted frequency-quadrupled optical signal, to generate 
3D image data. 

In some embodiments, the present invention provides an 
apparatus that includes a fiber gain medium; means for 
optically pumping the fiber gain medium; means for out 
putting a laser signal as an intermediate optical signal output 
beam having a first wavelength from the fiber gain medium; 
means for frequency quadrupling the intermediate optical 
signal output beam to form a frequency-quadrupled optical 
signal; and means for transmitting the frequency-quadrupled 
optical signal. 
Some embodiments further include means for encoding 

the laser signal with data to be communicated through the 
Water. 

In some embodiments, the means for transmitting of the 
signal is arranged to communicate data between two ships, 
at least one of which is a Submarine. 
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Some embodiments further include means for pulsing the 

laser signal; means for detecting, from the water, a light 
signal caused by light interaction of the frequency-qua 
drupled signal; and means for processing the detected light 
signal to derive image information. In some Such embodi 
ments, the means for transmitting the frequency-quadrupled 
signal further includes means for Scanning the transmitted 
frequency-quadrupled signal across a range of angles in 
order to detect three-dimensional (3D) image information. 

In some embodiments, the means for frequency quadru 
pling the intermediate optical signal output beam further 
includes means for frequency doubling the intermediate 
optical signal output beam to form a second optical signal 
output beam having a second wavelength that is one-half of 
the first wavelength of the intermediate optical signal output 
beam; and means for frequency doubling the second optical 
signal output beam to form the frequency-quadrupled optical 
signal beam having a third wavelength that is one-half of the 
second wavelength of the second optical signal output beam. 

In some embodiments, the fiber gain medium is arranged 
as a ring laser, the apparatus further comprising means for 
forcing the signal beam to travel in a first direction around 
the ring laser, means for forming a free-space signal beam 
in the ring laser, means for filtering the signal beam to limit 
a linewidth of the signal beam in the ring laser; means for 
amplitude-modulating the signal; polarizing the signal beam 
to a linear polarization; means for extracting the signal beam 
as an intermediate optical signal output beam from the 
free-space signal beam includes using a polarizing beam 
splitter; means for rotating a direction of polarization on 
both of two sides of the polarizing beam splitter, wherein the 
forcing of a majority of the signal beam is done between the 
two rotatings of the direction of polarization; and means for 
wavelength converting the intermediate optical signal output 
beam to a wavelength different from the first wavelength of 
the intermediate optical signal output beam. 
Some embodiments further include means for communi 

cating through seawater using the frequency-quadrupled 
output beam. In some Such embodiments, the means for 
transmitting the frequency-quadrupled optical signal oper 
ates from a Surface vehicle. In some embodiments, the 
means for transmitting the frequency-quadrupled optical 
signal operates from an aircraft. In some embodiments, the 
means for transmitting the frequency-quadrupled optical 
signal operates from a satellite located at least 100 kilome 
ters from a water Surface. In some embodiments, the means 
for transmitting the frequency-quadrupled optical signal 
operates from an underwater stationary device tethered to a 
sea bottom. In some embodiments, the means for transmit 
ting the frequency-quadrupled optical signal operates from a 
floating buoy. In some embodiments, the means for trans 
mitting the frequency-quadrupled optical signal operates 
from a manned underwater vehicle. In some embodiments, 
the means for transmitting the frequency-quadrupled optical 
signal operates from an unmanned underwater vehicle 
(UUV). 
Some embodiments further include means for imaging 

through seawater using the frequency-quadrupled output 
beam. 
Some embodiments further include means for illuminat 

ing underwater features using the frequency-quadrupled 
output beam; and means for detecting and processing 
reflected light from the frequency-quadrupled output beam 
to form an image. 
Some embodiments further include for detection and 

ranging of underwater bodies using the frequency-qua 
drupled output beam. 
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Some embodiments further include means for imaging 
disturbances in the thermocline using the frequency-qua 
drupled output beam. 
As used herein, the term “light interaction' includes any 

change in the direction, wavelength, phase, spectrum, dis 
persion, polarization, intensity, and/or other physical prop 
erty of a propagating light signal—it includes both static and 
dynamic scattering of an incident light signal due to any 
anomaly (including atoms, molecules, changes in index of 
refraction (Such as might be caused by a thermocline (the 
region of relatively abrupt temperature change that resides 
between the upper mixed layer of water above and the deep 
ocean water below) or halocline (abrupt change in Salinity)), 
microscopic life or inanimate dust particles, or by macro 
scopic bodies such as fish, mammals, arthropods and the 
like, by underwater objects or underwater vehicles such as 
a Submarine, or by the underwater landscape Such as Sand or 
underwater mountains on the sea bottom). Because it 
includes any change in the direction of a propagating light 
signal, the term “light interaction' as used herein includes 
what might otherwise be called “reflection.” Because it also 
includes any change in the wavelength, phase, spectrum or 
polarization of a propagating light signal, the term “light 
interaction” as used herein includes what might otherwise be 
called “fluorescence.” “changes in the apparent distance of 
propagation.” “absorption' (such as by atomic or molecular 
species that selectively absorb more or less of various 
incident wavelengths), "changes in polarization' or other 
linear or non-linear effect on the light signal. These changes 
arise from (1) the spatial-coherence properties of the inci 
dent light, (2) the frequency dependence of the potential 
(due to dispersion of the medium) and (3) frequency depen 
dence of the free-space Green function (see Emil Wolf, 
“Theory of Coherence and Polarization of light.” Cambridge 
University Press, New York (2007) pages 111-128, which is 
incorporated herein by reference). The detection of a light 
interaction can be by a light sensor that is located close to the 
light Source (e.g., for detecting reflections or scattering of 
the light signal (or of a wavelength or polarization change to 
the light signal) back toward its source), or by a light sensor 
that is located off to a side of the direction of propagation of 
the incident light source (for detecting reflections or scat 
tering (or of a wavelength or polarization change to the light 
signal) of the light signal in a direction other than back 
toward its source or toward the same direction as the initial 
direction of the light signal), or by a light sensor located 
distal and in the same direction as the initial direction of the 
light signal (for detecting changes to intensity, wavelength 
or polarization due to objects located along a straight line 
between the source and the sensor). 
As used herein, an “anomaly in the water means any 

change in the presence or relative abundances of atoms or 
molecules, changes in index of refraction (such as might be 
caused by a thermocline or abrupt change in Salinity), 
microscopic life or inanimate dust particles, or by macro 
scopic bodies such as fish, mammals, arthropods and the 
like, by underwater objects or underwater vehicles such as 
a Submarine, or by the underwater landscape Such as Sand or 
underwater mountains on the sea bottom). In some embodi 
ments, the light interaction of the signal beam with the water 
Surface (a Surface signal due, e.g., to reflection or scattering) 
provides a reference signal (e.g., time-of-flight) from which 
other interactions with anomalies in the water (Submarines, 
disturbances to the thermocline, halocline, Sea bottom, or 
other anomalies) are measured with reference to. In some 
embodiments, this Surface signal is subtracted from other 
received light-interaction signal to obtain an improved sig 
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nal-to-noise ratio of the signal used to derive image data. In 
some embodiments, the time-of-flight differences between 
the various intensity (or wavelength, phase, spectrum, or 
polarization) features of the sensed signal from the light 
interaction of the incident light with the various anomalies 
in the water are used to generate three-dimensional image 
data, which can then be either automatically analyzed to 
detect an object of interest (such as a Submarine), or dis 
played in various forms (e.g., false color, contour lines, or a 
rotatable image with simulated reflection or shading to show 
surfaces or interfaces, or other convenient form for visual 
interpretation by a human user). 

It is to be understood that the above description is 
intended to be illustrative, and not restrictive. Although 
numerous characteristics and advantages of various embodi 
ments as described herein have been set forth in the fore 
going description, together with details of the structure and 
function of various embodiments, many other embodiments 
and changes to details will be apparent to those of skill in the 
art upon reviewing the above description. The scope of the 
invention should, therefore, be determined with reference to 
the appended claims, along with the full scope of equivalents 
to which such claims are entitled. In the appended claims, 
the terms “including and “in which are used as the 
plain-English equivalents of the respective terms "compris 
ing and “wherein, respectively. Moreover, the terms “first, 
“second, and “third,' etc., are used merely as labels, and 

are not intended to impose numerical requirements on their 
objects. 

What is claimed is: 
1. An apparatus comprising: 
an infrared laser outputting a laser signal having a first 

wavelength between 1800 nm and 2000 nm as an 
intermediate optical signal output beam; 

a frequency quadrupler operably coupled to receive the 
intermediate optical signal output beam and to output a 
frequency-quadrupled optical signal; 

a beam polarizer configured to orient a polarization direc 
tion of the frequency-quadrupled optical signal in a 
direction that enhances transmission through an air 
water interface; 

a beam transmitter operably coupled to transmit the 
polarized frequency-quadrupled optical signal through 
water; 

a light detector and processor configured to detect and 
process reflections from the transmitted frequency 
quadrupled optical signal to generate image data, 
wherein the light detector includes a narrowband light 
filter configured to increase a signal-to-noise ratio of 
the detected reflections. 

2. The apparatus of claim 1, further comprising: a data 
encoder operably coupled to encode data on at least one of 
the intermediate optical signal output beam and the fre 
quency-quadrupled optical signal Such that the frequency 
quadrupled optical signal has encoded data. 

3. The apparatus of claim 1, wherein the infrared laser 
includes a large-mode-area (LMA) fiber. 

4. The apparatus of claim 1, wherein the narrowband light 
filter includes a polarization beamsplitter configured to 
obtain a plurality of received signals from different polar 
izations obtained from the beamsplitter including a first 
polarization signal and a second polarization signal, wherein 
the processor is further configured to process the first 
polarization signal. 

5. The apparatus of claim 4, wherein the processor is 
further configured to subtract the second polarization signal 
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from the first polarization signal to enhance a signal-to-noise 
ratio of the processed received signals. 

6. An apparatus comprising: 
a fiber gain medium; 
means for optically pumping the fiber gain medium; 
means for generating a laser seed signal; 
means for optically coupling, into the fiber gain medium, 

the laser seed signal; 
means for outputting, from the fiber gain medium, an 

amplified version of the laser seed signal as an inter 
mediate optical signal output beam having a first wave 
length between 1800 nm and 2000 nm: 

means for frequency quadrupling the intermediate optical 
signal output beam to form a frequency-quadrupled 
optical signal; 

means for orienting a polarization direction of the fre 
quency-quadrupled optical signal in a direction that 
enhances transmission through an air-water interface; 

means for transmitting the frequency-quadrupled optical 
signal through seawater; and 

means for detecting, from water, a light signal caused by 
light interaction of the frequency-quadrupled signal; 
and means for processing the detected light signal to 
derive image information. 

7. The apparatus of claim 6, wherein the means for 
transmitting the frequency-quadrupled optical signal is 
arranged to communicate data between two ships, at least 
one of which is a submarine. 

8. The apparatus of claim 6, wherein the means for 
transmitting the frequency-quadrupled signal further 
includes means for scanning the transmitted frequency 
quadrupled signal across a range of angles in order to detect 
three-dimensional (3D) image information. 

9. The apparatus of claim 6, wherein the means for 
frequency quadrupling the intermediate optical signal output 
beam further includes: means for frequency doubling the 
intermediate optical signal output beam to form a second 
optical signal output beam having a second wavelength that 
is one-half of the first wavelength of the intermediate optical 
signal output beam; and means for frequency doubling the 
Second optical signal output beam to form the frequency 
quadrupled optical signal having a third wavelength that is 
one-half of the second wavelength of the second optical 
signal output beam. 

10. The apparatus of claim 6, wherein the means for 
transmitting the frequency-quadrupled optical signal oper 
ates from a surface vehicle. 

11. The apparatus of claim 6, wherein the means for 
transmitting the frequency-quadrupled optical signal oper 
ates from an aircraft. 

12. The apparatus of claim 6, further comprising: means 
for illuminating underwater features using the frequency 
quadrupled optical signal; and means for detecting and 
processing reflected light from the frequency-quadrupled 
optical signal to form an image. 
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13. A method comprising: 
providing a fiber gain medium; 
optically pumping the fiber gain medium; 
generating a laser seed signal; 
optically coupling, into the fiber gain medium, the laser 

seed signal; 
outputting, from the fiber gain medium, an amplified 

Version of the laser seed signal as an intermediate 
optical signal output beam having a first wavelength 
between 1800 nm and 2000 nm: 

frequency quadrupling the intermediate optical signal 
output beam to form a frequency-quadrupled optical 
signal; 

orienting a polarization direction of the frequency-qua 
drupled optical signal in a direction that enhances 
transmission through an air-water interface; 

transmitting the frequency-quadrupled optical signal 
through water; and 

detecting a light signal caused by light interaction of the 
frequency-quadrupled signal with an anomaly in the 
water; and processing the detected light signal to derive 
image information. 

14. The method of claim 13, further comprising: encoding 
the laser signal with data to be communicated through the 
Water. 

15. The method of claim 14, wherein the transmitting of 
the signal is between two ships, at least one of which is a 
Submarine. 

16. The method of claim 13, further comprising: detecting 
a light signal caused by light interaction of the frequency 
quadrupled signal with a thermocline in the water; and 
processing the detected light signal to derive image infor 
mation. 

17. The method of claim 13, wherein the transmitting of 
the frequency-quadrupled signal further includes scanning 
the transmitted frequency-quadrupled signal across a range 
of angles in order to detect three-dimensional (3D) image 
information. 

18. The method of claim 13, wherein the frequency 
quadrupling of the intermediate optical signal output beam 
further includes: frequency doubling the intermediate opti 
cal signal output beam to form a second optical signal output 
beam having a second wavelength that is one-half of the first 
wavelength of the intermediate optical signal output beam; 
and frequency doubling the second optical signal output 
beam to form the frequency-quadrupled optical signal beam 
having a third wavelength that is one-half of the second 
wavelength of the second optical signal output beam. 

19. The method of claim 13, wherein the transmitting of 
the frequency-quadrupled optical signal includes steering a 
majority of the frequency-quadrupled optical signal toward 
a desired target receiver. 

20. The method of claim 13, wherein the frequency 
quadrupled optical signal has a wavelength that is set to a 
wavelength of Fraunhofer feature F. 


